Study of the Effects of Sodium Chloride on Activated Sludge by Kincannon, Donny Frank
STUDY OF THE EFFECTS OF SODIUM CHLORIDE 
ON ACTIVATED SLUDGE 
By 
DONNY FRANK KINCANNON 
'< 
Bachelor of Science 
Oklahoma State University 
Stillwater, Oklahoma 
1959 
Master of Science 
Oklahoma State University 
Stillwater, Oklahoma 
1960 
Submitted to the Faculty of the Graduate School of 
the Oklahoma State University 
in pa1~ tial fulfillment of the requirements 
for the degree of 
DOCTOR OF PHILOSOPHY 
Hay? 1966 
STUDY OF THE EFFECTS OF SODIUM CHLORIDE 
ON ACTIVATED SLUDGE 
School 
610239 
ii 
STAh~ lJNIVERSfff 
LIBRARY 
JUN 10 l9S6 
ACKNOWLEDGEMENTS 
I wish to express my deep and sincere appreciation to my 
major adviser, Dro Ao Fo Gaudy, Jro, and committee member Dro 
Elizabeth To Gaudy, for their valuable guidance in accomplish·= 
in.g the research and in the preparation of the dissertationo 
I am very thankful to Dro Ro Eo Koeppe for introducing me 
to biochemistry which is so important to the field of B:io= 
engineeringo A very sincere thanks to Profo Qo Bo Graves~ 
whose encouragement during my undergraduate education provided 
the incentive for further educationo 
Thanks are due Profo Ro Ao Mills for his help with the 
photomicrographs and to To Ko George for conducting the oon= 
tinuous flow study at 8iOOO mg/1 sodium chlo:rideo 
I am al.so very grateful to my family for their patience:il 
understanding~ and sacrificeso 
I feel very humble and thankful that God provided me 
with the talent :required to accomplish this undertakingo 
Finally~ I wish to acknowledge financial support in the 
f'o:rm of a Bi.oenginee:ring Fellowship provided by a grant (5T 
l-WP=l9) from the Water Supply and Pollution Control Division 
of the Uni.ted States Public Health Serviceo 
iii 
Chapter 
Io 
I Io 
II Io 
TABLE OF CONTENTS 
INTRODUCTION 0 0 0 0 0 0 O O O 0 0 0 0 O O O O O O 
LITERATURE REVIEWo 0 0 0 0 0 0 0 0 0 0 0 O O O O O 
THEORETICAL CONCEPTS o 0 0 0 0 0 0 0 0 0 O O O O O 
Ao Baich Activated Sludge Systems o o o o o o 
Bo Steady State Kinetics o o o o o o o o o o o 
Co The Kinetics of Increase arid Decrease of o 
Sodium, Chloride Concentration .. Due··. t(i 
.... Shoe~ Loading,.·.1n 'Steady State Systems o o 
Page 
1 
4 
24-
24-
25 
IV o MATERIALS AND METHODS 0 . 0 O O a O O O O O O O O O 
28 
33 
Ao Experimental Protocols o o o o o o o o o o 33 
lo Batch Activated Sludge Systemso o o o o o 33 
ao Old Cells o • o o o o o o o .. o o o o o 33 
b 9 y-~ung C~+J.s o o o o .~ : o o o o o o o o a 35 
2o .Gon:t;tnuous Flow Activated Sludge System o 37 
ao Description of Apparatus, Standard 
Wastes ·and Operation. o ., o o o a o o 37 
bo .Batch Unit Studies o o ... o o o o o o o 36 
3o Re.lated Studies on Effect of Sodium 
Chloride '.and', thEJ· · Cause. tion ~ or These 
Effect$ ,, .o • o o .o o o o o o o o o o o 39 
ao Biochemical Com.position of the 
',·A:-ctivatea.·1.-s-1u.dgeo o o o o o o o o o o 39 
bo Respiration Studies o o o o o o o o o o 40 
Co Lysis Studies O O O O O O O O O O O O 42 
do Gradient Study o o o o o o o o o o o o 43 
eo Diphasic Growt~ Studies o o o o o o o o 43 
Bo Analytical Techniques o o o o o o o o o o o 4lr 
lo Substrate Removal o o o o o o o o o o o o 44 
ao Chemical Oxygen Demand (COD)o o o o o o 41+ 
bo .Anthrone (Total Carbohydrate) o o o o o 4-6 
2o Respiration o o o o o o o o o o o o o o o 47 
3o Biological Solids o o o o o o o o o o a a 1+7 
a.a Membrane Filter Technique o o o o o o ., 1+7 
bo Optical Density o o o o o o o a o o o ., 1+7 
iv 
Chapter 
v. 
4o 
ao 
bo 
Co 
do 
Biochemical Composition of Cells ••• 
Carbohydrate and Protein _ . • -- • • . • • • 
Lipids o • .. • • • • • '-• • • • • • • 
Ribonucleic Acido ........ _ •••• 
Carbon, Nitrogen, and Hydrogen ..... 
RESULTS 
• • • e e • e O O e • • e O • e • 0 0 • 
A. Batch Activated Sludge Systems •••••• 
1. Effects of Shock Loading Old Fresh 
Water Sludge With Sodium Chloride •• 
2o Effect of Long Term Exposure to Sodium 
Chloride • o o ........... . 
3. Effects of Shock Loading ah Old Sludge 
Acclimated to Sodium Chloride With 
Fresh Water o o o o .... o ••••• 
4. Effects of Shock Loading Young Fresh 
Water Sludge With Sodium Chloride •• 
5. Effects of Shock Loading a. Young Sludge 
Acclimated to Sodium Chloride With 
Fresh Water. o o o ••••••••• 
B. Continuous Flow Activated Sludge System. 
1. Response of System to Shock Loading of 
30,000 mg/1 Sodium Chloride ••••• 
Co 
a. Response to Gradual Shock Loading •• 
b. Response to Immediate Shock Loading -
Batch Unit Studies •••••••• 
Co Biochemical Response of Acclimated 
Sludge - Batch Unit Studies •••• 
2. Response of System to Shock Loading of 
45,000 mg/1 Sodium Chloride ••••• 
ao Response to Gradual Shock Loading •• 
b .. Response to Immediate Shock Loading -
Batch Unit Studies .. o ••••• o 
c. Biochemical Response of Acclimated 
Sludge - Batch Unit Studies •••• 
3. Response of System to Gradual Shock 
Loading of 8,000 mg/1 Sodium Chloride 
Related Studies on Effect of Sodium 
Chloride and the Causation of These 
Effects 0 0 0 0 0 0 0 0 0 0 0 0 • • • 0 
1. Biochemical Changes Due to Sodium 
Chloride Concentrations • • • .. 0 • • • 
2. Studies on the Effects of Salts on 
Respiration 0 0 • 0 0 • 0 0 • • • • • 
a. Effects of NaCl .~nd KCl on Old and 
Young Cells 0 0 0 0 0 0 0 
-· 
• • 
" 
0 
v 
Page 
47 
47 
47 
48 
49 
50 
50 
50 
61 
75 
80 
83 
88 
88 
88 
91 
94 
96 
96 
101 
109 
109 
111 
111 
115 
115 
Chapter 
VL 
VII. 
VIII. 
Co 
Comparison of the Effects of NaCl on 
Old Cells and Cells Transferred 
Page 
Several Times in NaCl-Free Medium o o 121 
Effect of Degree of Acclimation to 
NaCl on Respiration o o o o o o o o o 128 
3o Lysis Studies o o o o o o o o o o o o o o 131 
ao Change in Degree of Lysis When Cells 
Grown in 45,000 mg/1 Sodium Chloride 
are Placed in Various Concentrations 
of Sodium Chloride o o o o o o o o o 131 
Change in Degree of Lysis When Cells 
Grown in Various Concentrations of 
Sodium Chloride are Placed in Fresh 
Water o o o o o o o o o o o o o o o o 131 
Change in System Parameters When Sludge 
is Acclimated to 45,000 mg/1 Sodium 
Chloride and Then Transferred Through 
A Linear Gradient to Fresh Water o o o 133 
5o Studies on Diphasic Growtho o o o o o o o 135 
a. Changes in System Parameters During 
Long Term Aeration Studies o o o o o 135 
Effect of Chloramphenicol on System 
Parameters o · o o o o o o o o o o o o 135 
DISCUSSION o o o o o o o o o o • 0 0 0 0 0 0 0 0 0 140 
Ao Batch Operated Systems. o • o o o o o o o o 140 
lo Biochemical Responses o o o o o o o o o o 140 
2o Effects of Sludge Age o o o o o o o o -o o 142 
3o Effects on Respiration • o o o o o o o o 145 
Continuous Flow Systems o 0 0 
Special Considerations o o o 
SUMMARY AND CONCLUSIONS g O O O 0 0 
0 0 0 0 0 0 0 152 
0 0 0 0 0 0 0 155 
O O O O O 0 0 161+ 
SUGGESTIONS FOR FUTURE WORK 9 0 O Q O Q O O O 
A SELECTED BIBLIPGRAPHY o • o 0 0 0 0 0 .. 0 0 0 0 0 
0 0 168 
., 170 0 0 
vi 
Table 
IIo 
IIIo 
IVo 
LIST OF TABLES 
Warburg Protocol o o o 
Composition of Cells o 
0 0 0 0 0 0 
O O 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
Comparative Oxygen Uptake 0 0 0 O -0 0 0 0 0 0 0 
Page 
41 
111+ 
120 
Qo2 (mg 02/h:r/mg sludge) For Cells Before and 
.Kfter Transfer Operation " o .. " ,>"' .. " o o o o 127 
vii 
Figure 
LIST OF FIGURES 
Increase in The Sodium Chloride Concentrati on of 
the System Due to Gradual Shock Loading o o o 
Decreasein the Sodium Chloride Concentration of 
the System Due to A Gradual Shock Loading of 
Fresh Water o • o o o o • o • o o o • o o o o 
Schema t i c Drawing of the Bench-Scale Continuous 
Flow Completely Mixed Activated Sludge Sys tem 
Page 
0 .. 29 
0 0 31 
0 0 36 
4o Change in System Parameters. Old Fresh Water Sludge 
Subjected to Shock Load of 5,000 mg/1 NaCl o o o 51 
5o Change in System Parameterso Old Fresh Wat er Sludge 
Subjected to Shock Load of 8,000 mg/1 NaCl o o o 52 
6 0 Change in System Parameterso Old Fresh Water Sludge 
Subjected to Shock Load of 10,000 mg/1 NaCl o o o 53 
7o Change in System Parameters. Ol d Fresh Water Sludge 
Subjec t ed to Shock Load of 12,000 mg/1 NaCl o o o 54 
Bo Change in System Parameterso Old Fresh Wa t er Sludge 
Stfb-jected to Shock Load of 15 ,ooo mg/1 NaCl • o o 55 
9o Change in System Parameters. Old Fresh Wat er Sludge 
Subjec t ed to Shock Load of 30,000 mg/1 NaCl. o o 57 
lO o Change in System Parameters. Old Fresh Wat er Sludge 
Subjected to Shock Load of 45,000 mg/1 NaCl o o o 58 
llo Photomicrograph of Sludge From A Control Unit o 0 0 59 
120 Photomi crograph of Old Fresh Wat er . Sludge 5 Hours 
After Being Shock Loaded With 10,000 mg/1 NaClo o 59 
130 Photomicrograph of Old Fresh Water Sludge 5 Hours 
After Being Shock Loaded With 15,000 mg/1 NaClo o 60 
140 Photomicrograph of Old Fresh Wa t er Sludge 5 Hours 
Af ter Bei ng Shock Loaded With 30,000 mg/1 NaClo o 60 
viii 
Figure 
17. 
18 .. 
Change In System Parameters. 
to 1,500 mg/1 NaCl •••• 
Change in System Parameters. 
to 3,000 mg/1 NaCl •••• 
Old Sludge Acclimated 
• e O e • • 0 0 • 0 
Old Sludge Acclima ted 
O O O O O O O O O O 
Page 
62 
63 
Change in System Parameters. Old Sludge Acclimated 
to 7,500 mg/1 NaCl • • • • • .. • • • • • • • • 64 
Change in System Parameters. 
to 12,000 mg/1 NaCl ..... 
Change in System Parameters. 
to 15,000 mg/1 NaCl •••• 
Old Sludge Acclimated 
O • 0 e O O O O O O 
Old Sludge Acclimated 
0 0 0 0 0 0 0 0 0 0 
65 
66 
20 .. Change in System Parameters. Old Sludge Acclimated 
to 18,000 mg/1 NaCl. .. • • • • • • .. • • • • • 68 
21. Change in System Parameters. Old Sludge Acclimated 
to 22, 500 mg/1 NaCl • • • • • • • • • • • • • • · 69 
23. 
24. 
26 0 
Change in System Parameters. 
to 30,000 mg/1 NaCl •••• 
Old Sludge Acclimated 
0 0 O O O O O O O O 70 
Change in System Parameters. Old Sludge Acclimated 
to 45,000 mg/1 NaCl. • • • • • • • • • • • • • 72 
Photomicrograph of A Sludge Under Long Term 
Exposure to 12,000 mg/1 NaCl •••••• 
Photomicrograph of A Sludge Under Long Term 
Exposure to 18,000 mg/1 NaCl •••••• 
Photomicrograph of A Sludge Under Long Term 
Exposure to 30,000 mg/1 NaCl ...... . 
Photomicrograph of A Sludge Under Long Term 
Exposure to 45,000 mg/1 NaCl •••••• 
0 0 0 73 
0 0 O 73 
0 0 0 74 
0 0 0 74 
28. Change in System Parameters. Old Sludge Acclimated 
to 10,000 mg/1 NaCl Shocked With Fresh Water. • 76 
Change in System Parameters. Old Sludge Acclimated 
to 30,000 mg/1 NaCl Shocked With Fresh Water. • 78 
30. Change in System Parameters. Old Sludge Acclimated 
to 45,000 mg/1 NaCl Shocked With Fresh Water. • 79 
31. Change in System Parameters. Young Fresh Water 
Sludge Subjected to Shock Load of 30,000 mg/1 
NaCl • o • o • o o • • o o • • o • o • • o o o c:51 
ix 
Figure Page 
34. 
Change in System Parameters. Young Fresh Water 
Sludge Subjected to Shock Load of 45,000 mg/1 
NaCl o o o o • • o o • • o o o • • • o o o o o o 82 
Change in System Parameters. Young Sludge 
Acclimated to 10,000 mg/1 NaCl Shocked With 
Fresh Water o •• o • o o • o • o ••••• 0 0 0 
Change in System Parameters. Young Sludge 
Acclimated to 30,000 mg/l NaCl Shocked With 
Fresh Water o •••••• o o • o •• o •• 0 0 0 
Change in System Parameters. Young Sludge 
Acclimated to 45,000 mg/1 NaCl Shocked With 
Fresh Water ••••••••••••••••• 
Response of the Steady State Continuous Flow 
Activated Sludge Unit at 8 Hour Detention and 
Shock Loading of 30,000 mg/1 NaCl •••••• 
0 0 
0 0 
84 
86 
87 
89 
37. Response to Immediate Shock Loading of 30,000 mg/1 
NaCl. Sludge Harvested From Continuous Flow Uni t 
Before Being Subjected to NaCl Shock Loading •• 92 
38. Response to Immediate Shock Loading of 30,000 mg/1 
NaCl. Sludge Harvested From Continuous Flow Unit 
After 30,000 mg/1 NaCl Had Been Diluted Out of 
System, Eleventh Day of Operation •••• • • •• 93 
39° 
41. 
Biochemical Response of Sludge Harvested From 
Conti nuous Flow Unit Acclimated to 30,000 mg/1 
NaCl at Seventh Day of Operation •••••• 
Response of the Steady State Continuous Flow 
Activated Sludge Unit at 8 Hour Detention and 
Shock Loading of 45,000 mg/1 NaCl •••••• 
Photomicrograph of A Sludge From Continuous Flow 
0 0 95 
0 0 97 
Unit Before NaCl Shock ••••••••• o • • • 99 
Photomicrograph of Sludge From Continuous Flow 
Unit 14 Days After Being Shocked With 45,000 mg/1 
NaCl •••••••••••••••• o ••• •• 99 
Photomi crograph of Sludge From Continuous Flow Unit 
24 Hours After Being Returned to Fresh Water 
Waste • • o • • • • • • • • • • • • • • • • • • • 100 
Photomicrograph of Sludge From Continuous Flow Uni t 
Operating in Steady- State Af ter Being Returned t o 
A Fresh Water Was te •• •• ••••• • o o • •• 100 
x 
Figure Page 
450 Response to Immediate Shock Loading of 45,000 mg/1 
NaClo Sludge Harvested From Continuous Flow Unit 
Before Being Subjected to NaCl Shock Loading o o 102 
460 Response to Immediate Shock Loading of 30?000 mg/1 
NaClo Sludge Harvested From Continuous Flow Unit 
Before Being Subjected to NaCl Shock Loadingo o·, ~ 104 
470 Response of Immediate Shock Loading of 45,000 mg/1 
NaClo Sludge Harvested From Continuous Flow Unit 
After 45jOOO mg/1 NaCl Had Been Diluted Out of 
System o o o o o o o o o o o o o o o • o o o o o 106 
Biochemical Response of Sludge Harvested From 
Continuous Flow Unit Acclimated to 45jOOO mg/1 
NaCl o o o o o o o o o o o o o o o o o o o o o ~ 107 
Biochemical Response of Sludge Harvested From 
Continuous Flow Unit Acclimated to 45,000 mg/1 
NaCl o o o o o o o o o o • o o o • o • o •• o o 108 
Response of the Steady State Continuous Flow 
Activated Sludge Unit at 8 Hour Detention Time 
And Shock Loading of 8,000 mg/1 NaCl (After To 
Ko George) o o o o o • o o o o o o o o o o o o o 110 
510 Effect of NaCl on Carbohydrate and Protein Content 
53. 
540 
550 
%0 
570 
of Sludge Acclimated to Various Salt · · 
Concentrations o o o o o o o o o o o • o o o o o 112 
Cell Protein and Carbohydrate 24 Hours After 
Feeding for Cells Acclimated to Various 
Concentrations of NaCl o o o o o o o o o o 
Effects of NaCl and KCl on Old Cells Not 
Acclimated to NaCl or KCl 0 0 0 0 0 0 0 0 0 
0 0 O 
0 0 0 
Effects of NaCl and KCl on Old Cells Acclimated 
to 30 j000 mg/1 NaCl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Effects of NaCl and KCl on Young Cells Not 
Acclimated to NaCl or KCl 0 0 0 0 0 0 0 0 0 0 0 0 
Effects of NaCl and KCl on Young Cells Acclimated 
to 30,000 mg/1 NaCl 0 0 0 0 0 0 0 0 0 0 0 0 
Effects of NaCl on Old Cells Transferred Five 
Times in Fresh Water Medium o o o o o o o o 
xi 
0 0 0 
0 0 0 
113 
116 
117 
118 
119 
122 
Figure 
Effects of NaCl on Old Cells Acclimated to 
30,000 mg/1 NaCl Before Transferso Non-
Proliferating Conditions o o o o o o o o 0 0 0 0 
Page 
123 
Effects of NaCl on Old Cells From Fresh Water Unit 
Before Transfers o Non-·Prolifera ting Conditions o 121+ 
600 Effects of NaCl on Old Cells Acclimated to 
30,000 mg/1 NaCl After Being Transferred Seven 
Times in Fresh Water Mediumo Non-Proliferating 
Conditions o o o o o o o o o o o o o o o o o o o 125 
610 Effects of NaCl on Old Cells From Fresh Water Unit 
After Being Transferred Seven Times in Fresh 
Water Mediumo Non-Proliferating Conditions o o o 126 
620 Effect of NaCl on Cells Harvested After 1+8 Hours 
Growth in 30 1 000 mg/1 NaClo Non-Proliferating 
Conditions o o o o o o o e o o o o o o o o o o o 129 
630 Effect of NaCl on Cells Harvested After 18 Hours 
Growth After Being Transferred Seven Times in 
30j000 mg/1 NaCl Medium Non-Proliferating 
Conditions o o o o o o o o o o o o o o o o o o o 130 
6~-AoChange in COD and Solids When Cells Grown in 
1+5,000 mg/1 NaCl are Placed in Various 
Concentrations of NaCl o o o o o o o o o o o o o 132 
61+-BoChange in COD a.nd Solids When Cells Grown in 
Various Concentrations of NaCl are Placed in 
Fresh Water o o o o o o o o o o o o o o o o o 0 0 132 
Change in System Parameterso Sludge Acclimated to 
1+5 ll 000 mg/1 NaCl a.nd Transferred Through A Linear 
Gradient to Fr·esh Water o o o o o o o o o o a o a 131+ 
Long Term Aeration Study Using Cells Acclimated to 
1+5,000 mg/1 NaCl and Shocked With Fresh Water a a 136 
670 Effect of Chloramphenicol on System Parameters o a 137 
Effect of Chl.oramphenicol on Protein Synthesis 0 0 138 
690 Variation of Percent Substrate Respir.ed With Time a 11+7 
700 Variation of the Ratio of Respiration to Synthesis 
With Concentration of Sodium Chloride a o o a o o 11+7 
710 Variation in Rate of Oxygen Utilization With Time 
of Aeration o o o o o o o o o o a o o o o o o o o 150 
xii 
.·,__. : 
CHAPTER I 
INTRODUCTION 
An average of ~,300 billion gallons of rain falls ea~h 
day on the United Stateso Most of this is dissipated by 
evaporation, by run-off into the oceans, and by water uses. 
of plants and animalso It has been estimated that, at present,. 
315 billion gallons a day are available for man•s daily use, 
with demand amounting to a little more than 320 billion 
gallonso As our water resources are developed, supplies 
will increase to approximately 500 billion gallons by 1980 
and the demand will increase to 600 billion gallonso 
Water is the nation8 s most used raw material today in 
'industrial plantso . The steel industry alone uses 13 billion 
gallons a dayo It takes 770 gallons of water to refine a 
barrel of petroleum, 320,000 gallons to produce a ton of 
aluminum, 600,000 gallons to make a ton of synthetic rubber, 
and 510,000 ~allons are needed to fabricate 1,000 yards of 
woolen clotho 
These figures give only an overall picture of the water 
problem. While the nation as a whole may ha~e sufficient 
water, some areas, especially the Southwest, suffer water 
shortages. A farmer's crops may di e of drought, and a city 
may be forced to ration .its water i n time of emergencyo 
l 
2 
Meanwhile~ people elsewhere may be fighting floodso To further 
compound the problem~ in the Southwest many natural surface 
waters are hi ghly salineo At the presentj these waters hav0< 
not been developed for industrial and muncipal uses:, but as 
the water supply becomes more critical such water may be used 
in increasing amounts for certain industrial need.so If~ i n 
turn j these waters become contaminated with organic material·sj 
the biological t:rea.tment which may be necessary could be affected 
by the presence of salto 
Many other factors have contributed to the recent interest 
in the treatment of organic was~es in saline waterso Wastes 
of high salt concentration arise from the manufacture of cheese 
and from pickle p:rocessingo Waters containing hi gh concen-
trations of salt wasted from softening plants may at times be· 
found in streams containing organic pollutantso Also~ ship= 
board wastes contain high concentrations of salto Thus 9 
increased amour ... ts of .saline waters may be found i.n the waste 
water stream~ and waste treatment plants will be called upon 
to treat wastes with higher salt concentrationso In the 
design and operation of such plants it would be of great 
benefit to have more basic and specific :i.nforma tion. pertain= 
ing to the effects of salinityo 
The purpose of this study was to determine the effects 
of salinity on the activated sludge process of waste treat-
ment and the range of salt conoentrati.on which can be success-
fully handled by the activated sludge processo The analysis 
of data from this study should provide valuable insights into 
3 
the mechanisms and causations of the observed effects from 
both a basic and applied viewpointo To provide a better under-
standing of these effects, studies were conducted in both 
batch a.nd continuous fl.ow activated sludge systems" 
CHAPTER II 
LITERATURE REVIEW 
.... , 
The effects of salts on biological viability and respi-
ration were of major importance to the field of microbiology 
some forty years agoo This interest diminished after a few 
years but of late has been revivedo Fo Go Gustafson (1) was 
one of the early investigators in this fieldo Using a Oo05 
percent glucose medium, he made a comprehensive study of the 
effects of antagonistic salts on the respiration of the 
fungus Aspergillus gigero He found that the respiration 
rate was increased by NaCl concentrations of Oo25 M to Oo5 M 
and by CaCl2 concentrations of 0~5 Mo It was also observed 
that a 2 M NaCl concentration a.nd a. lo25 M Cac12 concentra-
tion decreased the respiration and he attributed this to an 
osmotic effect of these saltso 
Brooks (2) also observed a stimulation in the rate of 
respiration in Bs.9illus subtil12 o Sodium chloride stimulated 
respiration at a Ool5 M concentration while KCl and CaCl2 
stimulated respiration at concentrations of Oo2 Mand Oo05 M 
respectivelyo Higher concentrations caused a decrease in the 
rate of respiration, these concentrations being . Oo5 M for 
NaCl, loO M for KC1 9 and Oo25 M for CaCl20 
Holm and Sherman (3)~ using a one percent peptone 
4 
solution as the basic medium, made a study of the effects of 
various anions in combination with sodium and the effects of 
various cations in combination with chloride on the growth 
5 
of Bacterium co!io A Oo2 M concentration was used and they 
observed that the tube containing NaCl showed growth in the 
shortest period of timeo The culture in one percent peptone 
solution with no additive was slower in growing than the Oo2 M 
NaCl solution. In a later study, Sherman and Holm (4) showed 
that the limiting H-ion zone of growth may be modified by 
the addition of NaCl to the mediumo Fabian and Winslow (5) 
also studied the effects of various anions in combination 
with sodium upon the viability of Escherichia £.Q.J,J.o They found 
that NaOH, NaCl, NaHC03, __ \ Na2C03, Na2SC>l+, Na2HP04, NaH2P04, at;td 
Na3PC\ exhibited the same general qualitative effecto All 
stimulated the growth of bacteria in low concentrations and 
inhibited it in higher concentrations. 
In 1928 , Speakman, Gee, and Luc~ .(6). .st,qdieq,~t;h_~ .e..ff.~,.ct_ ...... 
of NaCl on the growth and metabolism of yeast Saccha~omyces 
cerevisiae which was · being used in a local breweryo . They 
found that wort containing NaCl up to a concentration of ten 
percent can be fermented by £0 cerevisiae. The yield of the 
yeast was reduced as the salt concentration increased and 
there was no evidence of growth stimulation. The lag-phase 
of the fermentation period was also progressively lengthened 
by increasing concentrations of NaClo It is also interesting 
to note that in their work as the concentration of NaCl was 
increased up to two percent, the ratio C02:sugar utilized 
showed a gradual riseo In higher concentrations the ratio 
gradually fell to a value considerably below the control 
figuree They suggested an accumulation of intermediates to 
explain the increased ratioo 
The effect of various salts on the ability of bacteria 
6 
to hydrolyze milk proteins and gelatin was investigated by 
Levine and Soppeland (7)o The organisms studied were pure 
cultures isolated from creamery wastes. They found that the 
bacterial cultures exhibiting the most activity were most 
affected by increasing salt concentrations. The minimum 
concentration of sodium chloride producing definite inhibition 
of gelatin hydrolysis was 10,000 mg/1. This was found with 
the most active organism. In all cases, concentrations of 
15,000 to 25,000 mg/1 sodium chloride inhibited gelatin 
hydrolysis. 
Winslow and Haywood (8) also made a comprehensive study 
of both stimulatory and inhibitory effects of various salts 
on bacterial growth. They found that the growth of E· coli 
was stimulated in sodium chloride concentrations of 0.005 to 
0.25 M. In studying the effects of certain cations in combi-
nation with chloride, they found that if the specific potency 
of sodium is taken as one then the specific potency of potas-
sium is equal to l, magnesium is equal to 9, and calcium is 
equal to 12. 
Winslow, Walker, and Sutermeister (9) also showed that 
sodium chloride has a net stimulating effect in low concen-
trations. They also observed that the E· coii strain showed 
throughout the experiment both smooth and rough colonies. 
When first inoculated, the ratio of S to R types was from 
0.4 to lolo At the end of twenty-four hours, the ratio of 
S to R types was from Oo5 to 2o0o They suggested . that salts 
have some effect on the bacterial cell which retards growth 
during the lag phase of growth and stimulates growth during 
the logarithmic phaseo 
7 
West, Gililland , and Vaughn (10) studied the character-
istics of coliform bacteria from qliveso Using gas formation 
from glucose metabolism as the criterion of activity, they 
found that the Escherichia strains were most susceptible to 
the inhibitory effect of salt and the Aerobacter cloacae 
cultures were the most resistanto 
Several investigators have been interested in the adapta-
tion of bacteria to sodium chlorideo Larsen(ll) reported that 
in 1930 Baars showed that the marine bacterium DesulfovibriQ 
aestuarii could be adapted to fresh water by successive cultur-
ing in media with less salt until it became identical with its 
nonmarine counterpart ~esulfovibriQ desulfuriQ.s.ll2• In like 
manner, he showed that the salt-sensitive no desulfuricans 
could be transformed to the salt-dependent Qo g§.§.tuar11.t. These 
transformations were carried out over a sodium chloride range 
of Oto 3 percento Larsen (11) also reports that Rittenberg 
could not reproduce Baars' work, but Littlewood and Postgate 
(12) studied the adaptation of seven different strains of 
Qesulphovibrio desulphBI,i£lY1.§ and showed that the different 
strains had different abilities to adapt to various levels of 
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sodium chlorideo The~ could not show any salt-tolerant variants. 
above sodium chloride concentrations of three to fou.r percent. 
Hof' (13) made a comprehensive .study of' the growth of 
bacteria naturally occurring in a salt-free environment in 
media with a high concentration of salto She observed that 
bacteria belonging to the colon group could live in a maximum 
concentration of' sodium chloride of six to twelve peroento 
Salt also had a very reta~dative influence on the decomposition 
of cellulose when garden soil was used as the inoculumo She 
concluded that generally the salt concentration tolerated in 
enrichment cultures is higher than that tolerated by the 
corresponding pure cultureso Hof also isolated obligate 
halophilic bacteria from an enrichment culture of garden soil 
and from canal water o ·Slle concluded that soil and fresh 
water bacteria could acquire a halophilic character and 
suggested that halophilic bacteria from salt waters may be 
I. .• 
adaptive forms of common bacteriao Ingram (14) did not agree 
with Hof 1 s worko He pointed out that she did not consider 
the strong possibility that the organisms recovered at different 
salt concentrations might be completely and permanently dif.f'er-
ento Ingram also raised the point that Hof based her conclus-
ion on the assumption that obligate halophiles do not exist 
in ordinary soil or canal watero Ingram raised the question 
of whether or not it is just as reasonable to suggest that 
halophiles do live under these circu.mstanceso If Ingram is 
correct then it could be reasoned that the effects of salts 
on biological waste treatment is the selection of ha.lophile.s 
or if Hof is correct then it could be reasoned that the 
effects of salts a.re due to the adaptation of common p_acteria 
to halophilic formso At the present there is no further 
evidence in the literature that either of these two theories 
is correct .. 
Doudoroff (15) studied the adaptation of ~o £ill to 
sodium chlorideo He found that cells exhibited the greatest 
degree of adaptability to salt in the early stationary phase 
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of growtb.o Very young cultures (log growth phase) and older 
cultures harvested some time after reaching the stationary 
phase exhibited a lower degree of adaptabilityo He also showed 
that the processes involved,are reversible in that acclimatized 
bacteria readily lost increased ability to reproduce in saline 
media upon return to a salt-free environment .. Thus the adapta-
tion. process was not a transformation to an obligate halo= 
philie formo Dqudoroff suggested that the adaptatiqn mech~n-
ism consists of an individual acclimation~ which is independent 
of reproduction and a selection by the environment of those 
cells endowed wi.th. a wider range of tole.ranee to rior:m.a.lly 
unfavorable conqitionso 
The highest c,oncentra. tion of sodium chloride pe:rmi ttiµg 
growth before adaptation. and after adaptation was .studied by 
Seve:rens and Tanner (l6)o They found that SalmoD§.ll~ 
QUllorum could toler~te a three percent sodium chloride 
concentration before adaptat.ion and after 69 days of adapta~ 
tion., the culture could tolerate an eight percent sodium 
chloride eoncent:rationo Similar results were obtained using 
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cultures of ;@berthella~pho.§~ and §§1:mon.§.!JJ!_.fichotmslJ.er;i.o 
Ingram (17, 18, 19) has made a comprehensive investigation 
into the effects of salts on the respiration of Baci!!!!§. ~~o 
It was found that the rate of respiration was increased in 
sodium chloride concentrations less than Oo2 Mo Concentrations 
greater than Oo2 M sodium chloride decreased the rate of respi-
ra tiono The inhibition o:f' respiration i.s expressed by Ingram 
0 .. 8) as: 
log r = P - Qc 
where r = rate of respiration; cm salt concentration; and P 
and Qare constant.so Ingram (19) also showed that the concen-
tration of salt in the cell is much less than in the medium$ 
this being as much as one=half or lesso He also stated that 
a bacterial respiratory enzyme ma.y be more sensittve to salts 
in the living cell than it is when isolatedo 
A comparison of the effects of salt concentrations on 
the respiration of a halotolerant bacterium and lo~ was 
made by Yamada and Shilo (20)o They found the ~o 9~li exhibited 
a maximum rate of respiration at a sodium chloride concen= 
tration of' one percent, whereas the halotolerant bacterium 
~acil!g~ RUmilµ§ had a maximum rate of respiration at a sodium 
chloride concentration of seven to eight percento They also 
stated that the main factor which determined the position of 
the maximum rate of respiration was probably the osmotic 
pressureo 
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In 1962, Yoshida (21) reported that sewage microorganisms 
were advers~ly affected by 6600 mg/1 sodium chloride and 
killed by 8200 mg/1 sodium chloride. This is much lower than 
any other investigator has ever reportedo This is interesting 
in that Naylor (22) found that at no concentration of sodium 
chloride is the growth of A~obg.Q!gr_ ~r.2gell§§ greater than 
growth obtained in the absence of sodium chlorideo It is 
interesting to note that he also observed maximum growth of 
£rp~~!?& ]:Y.J:garis at a sodium chloride concentration of 5000 
mg/1. Crisley (23) also observed a stimulation of growth for 
Prote9& yg!.garis at a sodium chloride concentration of 5000 
mg/lo It would appear from these studies that Yoshida 1 s 
results could be attributed to the isolation of microorganisms 
that had a low sodium chloride tolerance and are not character-
istic of all microorganisms present in sewagep This is also 
another indication that different types of bacteria display 
different salt toleranceso 
In the pollution control field, Lawton and Eggert (2~) 
have studied the effects of salt on trickling filter slimeso 
They observed negative reduction in BOD when salt concentra-
tions greater than 20,000 mg/1 ·were applied or when slimes 
which had become acclimated to salt concentrations greater 
than 20,000 mg/l were subjected to salt-free wasteso When 
the slime was shocked with salt concentrations up to 20,000 
mg/lit recovered in about one day, but when shocked with 
50,000 mg/1 sodium chloride it took about five days for 
recovery to a uniform reduction which was approximately ten 
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to fifteen percent below the reduction obtained with salt-free 
wastes. When acclimated slimes were subjected to ~alt-free 
wastes, all tubes recovered in one day. It is interesting to 
compare the negative reduction in BOD for slimes shocked with 
50,000 mg/1 sodium chloride and slimes acclimated to 50,000 
mg/1 sodium chloride shocked with a salt-free waste. When 
shocked with 50,000 mg/l sodium chloride, the effluent BOD of 
the tube was 68 percent greater thart the BOD in the influent. 
When the slime acclimated to 50,000 mg/1 sodium chloride was 
shocked with a salt ... free waste the effiuent BOD of the tube 
was 165 percent greater than the BOD of the influent. 
Stewart, Ludwig, and Kearns (25) have studied the effects 
of salts on the extended aeration process and the applicability 
of this process for the treatment of shipboard wastes. Tem-
porary reductions in treatment efficiency were noted when 
abnormally severe changes in salinity were combined with heavy 
hydraulic and organic loadings. Floating sludge problems were 
encountered but no definite conclusion as to the cause could 
be drawn. It was observed that the air diffusing equipment 
(0.125 inch orifices) became plugged when aerating the syn-
thetic waste containing a high percentage of ocean water. It 
was also found that the sludge concentration in the aerator 
decreased when salt water (ocean water) was replaced by fresh 
water. During the early stages of this run when fresh water 
was being replaced by ocean water, they found that the total 
weight"of.orga.nisms increased but the number of species of 
protozoa decreased. The reverse took place on returning to 
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the fresh water wasteo As the salinity in the reaction vessel 
decreased, the number of species of protozoa increased but the 
total organism weight decreasedo 
Mills and Wheatland (26) studied the effects of saline 
sewage on the performance of percolating filter.so They found 
that a continuous addition of 6,600 mg/1 sodium chloride 
caused little, if anyj) upset in the performance of the filter.so 
Intermittent appl.ication of 6,600 or 20~000 mg/l salt?! ·howeve.r 9 
appeared to cause a deterioration in effluent quality lasting 
for a period of about two weekso They also found that the 
first addition of salt caused a sudden fall in the amount of 
oxidized nitrogen in the effluent and an increase in the 
residual concentration of ammonia, but this effect lasted 
only one to th:ree weekso 
Ludzack and Noran (27) have investigated effects of salt 
concentration up to 20,000 mg/1 on the activated sludge pro= 
cesso No detectible changes in the performance o.f acti.vated 
sludge were observed below sodium chloride concentrations of 
5!vOOO to 8~000 mg/lo High sodium chloride ope:rat.ion was 
characterized by poor f'locculation, higher effluent solid9~ 
and a decrease in o.xygen demand removal efficiency o Ni tri= 
fication was also ::reduced by high sodium chloride ope:rationo 
It was also observed that a sodium chlorlde concentration of 
20,000 mg/l caused an increase in respiration. rateo 
The literature reco;rds one pilot-plant and full sea.le 
plant treating salin.e wa.steso This operation was reported 
by Stowell (28) in 19540 Salt water is pumped from the bay 
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and used as service water at San Quentin prisono It was esti-
mated that the chloride concentration would vary from 6,000 to 
8,000 mg/1 after mi.:xing with fresh water wasteso A high-rate 
trickling filter pllot plant was constructed and studiedo It 
was found that a slime growth developed within one week and 
BOD removal was as much as 90 percent in some runso From the 
data obtained from the pilot plant study g, a full sea.le t:r0 i.ck-
ling filter plant was constructed and operation has borne out 
the pilot plant stud:ieso 
Thus far, this literature review has shown that most pure 
cultures of bacteria are affected by salts and it has also 
shown that different types of bacteria or even different 
strains of the same type exhibit different salt tolerance.so 
The remainder of the rev.iew will be devoted to the various 
theories of causation that have been presentedo 
Mitchell and Moyle (29) reported that in 1903 Alfred 
Fischer observed that many Gram=negative organisms could be 
plasmolysed in salt solutions or in sucrose 9 but were hot 
plasmolysed by the same concentration of glycerol)) urf~alil 
chloral hydrate, or other substances of low molecular weight 
or high lipid solubilityo From this Fischer concluded that 
Gram-negative organisms contained a plasma membrance permeable 
to glycerol etco 9 but impermeable to sucrose or electrolyte 
solutionso Mitchell and Moyle then proposed the hypothesis 
that the permeability of bacteria to many of their nutrients 
and waste products is a specific one 9 dependent upon the pre= 
sence of the enzymes which transport the nutrients ~nd end= 
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products of metabolism across the plasma membraneo In 1929 
Hill and White (30), studied the possibility of separating 
certain Gram-positive cocci from Gram-negative bacilli by 
using a sodium chloride mediumo They studied some fifty 
cultures on media containing sodium chloride concentrations 
of one to 25 percento They found that sodium chloride con-
centrations of two to 20 percent exert marked inhibitory 
action on the growth of bacilli of the typhoid., paratyphoid, 
dysentery, and colon groups, and on species of £l.ote.Y.§.~ 
Pseudomona2 , and B§Qillgs anthraciso The Gram-positive cocci 
studied tolerated the high salt eoncentrationso They also 
found that when mixtures of cocci and bacilli in different 
proportions are cultured on appropriate salt agarsj the cocci 
invariably outgrow the bacilli and may sometimes be recovered 
in pure cultureo 
Peterson (32) studied the influence of salt upon the 
bacterial flora and the decomposition of fisho With sodium 
chloride concentrations of zero to eight percent the flora 
were heterogeneous, containing both rods and coccio Between 
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sodium chloride concentrations of 12 to 15 percent the rods 
were killed, while the cocci were plenti.ful in a sodium 
ohloride concentration of 18 percento 
Brown and Turner (33) were able to show some correlation 
betwe.en salt tolerances oft some Gram-negative 'bacteria and 
envelope instability and cation depeµdenceo They also 
demonstrated a wide variation in salt tolerance by several 
different strains of Gram-n~gative baeteriao Two strains of 
§J2irilJ..Ym r1ad a maxi.mum tolerance of one percent sodium 
chloride, whe:rea9 a Proteus_strain had a maximum tolerance 
of eight percento 
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Henneman (34,) stuqied osmotic influences gn respiriation 
of bacterial cellso She observed that Gram-negative organisms 
show increased turbidity, plasmolysis, and decreased respi= 
ration when suspended in solutions of osmotically active sub=-
stanceso Concentrations of Ool to Oo8 M sodium chlori.de'.1 
potassium chloride, lithium chloride, and glucose were used 
in the studyo Gram-positive organisms showed no turbidity, 
plasmolysis, or respiratory responses to sodium chloride or 
potassium chloride unless washed with wa te:r and i.ncuba ted 
with phosphate buffe:rso Tp.ereafter, sodium chloride and 
potassium chloride inhibited respiration temporarilyo Henne-
man then proposed that since respiration inhibition occurs 
as plasmolysis and increased turbidity are produced, it may 
result from modifications in spatial arrangement of enzymes 
within the cell m.emb.raneo .Alterations such as this could 
affect the ability of substrates to penetrate the cell m.em.-
bra.ne ,and be metabolizedo As supporting evidence she cited 
the observation that sodium chloride and potassium chloride 
do not inhibit ce],.l-free preparations of hexokinase~ G,-6-P 
dehydrogenase, Qr. cytochrome oxidase, put they do inhibit 
G~6-P dehydrogenase activity in.intact cellso 
In 1946 Porter (35) theorized on the mechanism of salt 
actiono He put forth three theoriesg tt(a) ions operate upon 
the cell by combining with it; (b) they operate without com-
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bination but at a distance through radio or other activity, and 
(c) ions unite with components of protoplasm essential to meta-
bolismooosuch unions affect the cell because the new compounds 
cannot operate in the normal protoplasmic economy~ or because 
they operate more actively or less actively or in some other 
abnormal fashion"o Porter did not try to prove any of these 
theories,, Nunheimer and Fabian (31) felt that the effect o.f 
a salt is a function of the action of both ions as well as 
the osmotic pressure involvedo Fabian and Winslow (5) also 
believed in the function of both ions and osmotic pressu:reo 
Ingram (36) suggested that the action of salts on bacterial 
respiration could partly be explained in terms of nsalting 
out'''., He pointed out that the material upon which the action 
is exerted is probably one of the proteins concerned in respi-
rationj perhaps a dehydrogenating enzymeo Ingram also con= 
ceded that the main objection to this theory lies in the range 
of concentrations over which the action is produced() With 
normal organismsi the salt concentrations a.re much lower than 
those causing eisalting outtto He also points out that there 
is very little evidence that in norm.al organisms the dehydro-
genating enzymes are less sensitive to salts than the intact 
cellso A difference in the salt tolerance of enzymes in the 
intact cell arid enzymes in oell extracts may be the source of 
discrepancyo Ingram could not offer any reason for this, but 
pointed out that the property must be absent from the enzymes 
of halophilic organisms, and whatever it is, its absence must 
be the foundation of the halophilic charactero 
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Scott and his coworkers (37, 38, 39, l+O) felt that all 
organisms require a minimum amotint of water and that salts 
deprive the bacteria of water otherwise available to them. 
Scott (37) showed that the range of water activities, awCaw = 
the water vapour pressure of the solution expressed as a 
fraction of the vapour pressure of pure water at the same 
temperature) permitting growth of food-poisoning strains of 
Stap;gy;J,.ococcus s!ll:§.!J&.was·virtually independent of the nature 
of the solutes used in the study. These solutes included 
sugars and non-toxic salts such as sodium chloride, potassium 
chloride, and sodium sulfate. Christian and Scott (38) con-
firmed the findings that the growth of Stanh,ylocg.Q.QY.§. ~greu§ 
was independent of the solute. They also observed that for 
§§lmone;J..;J..a~ the range of water activities in which growth 
occurs is much less than for~. agreus. In 1955 Christian 
(39) proposed that the influence of concentrated solutions 
of normally non-toxic substances is due to their effects on 
the availability of water. Marshall and Scott (l+O) found 
that for a strain ©f X.!.Qrio metphAikovi the rate of growth 
in liquid media and the number of colonies forming on solid 
media were both greatly increased by reducing the water 
ac ti vi ty-;,.:(.'rom O. 999 to O. 995. 
There have also been several investigators that have 
studied the effects of salts and osmotic pressure on specific 
enzymes or metabolic pathwayso Clark and MacLeod (l+l) studied 
ion antagonism in glycolysis using a cell-free extract of 
Lactobaci;J..lus a~abinosuso It was found that inhibition of 
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glycolysis by Na+ was reflected primarily in an increase in 
the lag phase preceding the initiation of glycolysis and that, 
once established, glycolysis proceeded at a rate which was 
almost unaffected by the presence of the inhibitory ions. 
The effects of osmotic pressure on the respiration of 
12.sSlll.\!§. !.!J.Qlllis spheroplasts was investigated by Smith (42)o 
She observed an increase in respiration rate as the sphero-
plasts swelled between sucrose concentrations of Oo8 and o.4 M, 
but was unable to explain this response. The same increase 
was observed in the presence of endogenous substrates or with 
added substrates or DPNH. On the basis of what is known about 
other respiratory chain systems, Smith reasoned that the in-
creased respiration rate could result from the uncoupling of 
oxidative phosphorylation. However, she was not able to estab· 
lish that this is the explanation of the effect with ~ .§Ubtilli. 
spheroplasts, since no uncoupler of phosphorylation was found. 
The author agrees with Smith when she states, "The coupling of 
respiration to phosphorylation in many kinds of bacteria must 
be quite labile, since it has been difficult to obtain cell-
free extracts of bacteria showing P/0 ratios as large as those 
obtained with mammalian mitochondria." 
Baxter and Gibbons (43) investigated the effects of salts 
on the glycerol dehydrogenases of an extreme halophile, 
£seydomonas salinar1~, a moderate halophile, Vibrio_cgsll£Q.lY.§; 
and a non-halophile, ~. coli. The glycerol dehydrogenase from 
~. £211 was stimulated by a 0.25 M concentration of either 
sodium or potassium chloride, but was progressively inhibited 
' . 
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by higher concentrations of both salts, sodium being rather 
less stimulatory and more inhibitory than potassium. The 
enzymes from the extreme halophile were found to be much more 
resistant to salts than the analogous enzymes from a non-
halophilic organism or a moderate halophileo Not much differ-
ence was observed in non- and moderate halophileso 
The effects of salt on cytochrome oxidase activity in 
extracts from a halotolerant Mig,!:Q.coccu§ were reported by 
Yamada and Asano (44)o The activity of this enzyme was more 
than doubled by sodium chloride concentrations of 1 0 0 to 2.0 M, 
whereas, the cytochrome oxidase from a heart muscle p~eparation 
showed a decrease in activity in sodium chloride concentrations 
above Ool M. This finding may provide some insight into 
increased respiration observed with some microorganismso 
When attempting to assess the effects of salts on bacteria 
it seems that Larsen(ll) has asked a very pertinent question, 
''Does salt penetrate in to the cells?'' He then philosophizes, 
"If not, one might envision either a direct action of' sodium 
chloride upon the structure or function of the cell surface, 
or osmotic damage to the cello In the latter case, the diffu-
sion of water out of the cell into the saline environment 
might interfere with metabolic function, or cause damage to 
the wall. On the other hand, if sodium chloride penetrates 
freely into the protoplasm, there will be no apparent osmotic 
problem. In this case, sodium chloride may interfere directly 
with metabolism, io eo, by affecting the catalytic function 
of the individual enzymes .. '' This seems to be a very important 
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question to be answered. Several investigators have attempted 
to answer this question but have arrived at conflicting con-
clusionso 
Roberts, Abelson, Cowie, Bolton, and Britten (45) have 
stated that E· £.QJJ: is freely permeable to anions such as 
phosphate and sulfate. Littlewood and Postgate (46), using 
the "thick suspension'' technique of Mitchell and Moyle (29), 
reported that sodium chloride was not diluted with intracellular 
water below three percent sodium chloride. At four and six 
percent sodium chloride, water exchange did occur and induced 
considerable dehydration of the cells without true penetration 
or loss of viability. 
Christian and Waltho(47) studied thirty-two different 
strains of nonhalophilic bacteria and reported that the potas-
sium contents varied about five-fold and were positively corre-
lated with salt tolerance. They concluded that salt tolerance 
in non-halophiles is related to their ability to accumulate 
potassium within the cellsa Lubin and Kessel (48) investigated 
potassium transport in slo £.Q,J4 using t'r2 me1asµ:rements.and 
flame photometry with similar resultso Suspensions of wild-
type and potassium transport negative mutants were incubated 
at 37°c. in media containing rt"2clo ·After incubation, cells 
were collected on millipore filters, washed briefly with iced 
high-sodium mineral medium and the radioactivity associated 
with the cells determined. It was found that the period of 
rapid uptake was complete within twenty minuteso 
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Armstrong and Rothstein (1+9) found that extracellular pH 
markedly influences the apility of yeast cells to discriminate 
between Kt and Na+o Between pH 6 and 8, the hydrogen ion has 
no effecto Below pH l+~ the hydrogen ion competitlvely inhibits 
the transport of each cationo 
Miller and Avi=Dor (50 9 51) have been able to show the 
intracellular accumulation of potassium and its effect on 
respirationo Their :results indicate that the rate of glutamate 
oxidation in ~o £.Qli .is determined by the intracellular con= 
centration of Kt rather than by the flux of this iono They 
a.lso showed that the increase in intracellular Kt started to 
level off at a medium concentration of 3 niM KCl and increased 
very little with increasing concent:ra tions of potass:lum chloride 
in the mediumo 
A comprehensive study of salt transport across cell 
membranes has been made by Hendricks (52)o He has shown that 
hydrolysis of A'.I'P is important fo:r transport of sodium chloride~ 
o:r an exchange o:f Na'*' or K1r ~ across plant)) animal and a:rti.fical 
membraneso Ions of Na~, Kt~ and Mgt+ promote the activity of 
ATPases in membranes of this typeo In this .same area Bl,::md 
and Whittan (53) have studied the effects of Na and Kon 
oxidative phosphorylation in relation to respiratory control 
by a cell-membrane ATPase o Kidney mi tochondr::i.a were used in 
the 'studyo They found that the P/0 ratio was increased as. the 
result of a stimulatory effect of potassium ionso 
Lehni.nger (54) ll in studying water· uptake and ext:rusicm 
by mitochondria in relation to oxidative pho.sphoryla.tionJJ 
found that the protoplast membrane is relatively impermeable 
to potassium chloride, sodium chloride, and phosphate salts, 
whereas Na+ and K+ enter damaged or swollen mitochondria 
relatively rapidlyo The question of salt transport across 
a bacterial cell membrane is still not completely resolved. 
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Many theories regarding the effects of salts on the 
viability of bacteria have been presented by investigators, 
but the validity of these theories has not been established. 
It is felt that the theories presented here are the more 
pertinent ones that deserve further considerationo 
CHAPTER III 
THEORETICAL CONCEPTS 
Long~ rectangular aeration tanks which a.re normally used 
· in conventional activated sludge plants approach the rvplug'9 
flow concept which may be defined as followsz particles of 
feed leave the :reactor in the same order in which they entered'JJ 
and do not intermix or interact with each other (55)o In 
most cases. batch unit studies are directly applicable to 
"plug" flow condition.so Laboratory batch reaction data are 
often e.xpressed in the form~ 
= ~~ = kCb (I) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
dt 
in which~ is the change in concentration of the inital sub= 
strate with time~ k is the kinetic reaction rate constant~ and 
bis the reaction order which may have any value, but is usually 
.in the :range between OoO and 3o0 and frequently has a. value 
close toloOo 
The removal of substrate from a batch activated sludge 
unit is normally considered to be a first-order reaction 9 but 
this is an area open to much discussion.o In the work to be 
reported here, the kinetics of substrate removal in batch 
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units will not be a major area of concern; theref0re, only 
this brief desoription of kinetics will ·be presentedo 
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The continuous flow activated sludge unit employed in 
this study was operated as a completely mixed steady state 
systemo This type of' system may be defined as one in which 
all particles of the:·reed intermix immediately with all other 
particles in the reactoro The contents of the reactor are 
uniform and identical with those of the effluento Since the 
contents of the reactor are uniform, the reaction must proceed 
at only one rateo In biologica~ systems using external con~ 
trol, this rate is con trolled by regµl;a ting . the ;flov1 .. :ra te and 
the concentratiop. of l.imi ting nut:r.ient? or growth factors .. 
In this .study the rate was controlled by the flow ra,te and the 
concentration of organic carbon sourceo All other nutrients 
were supplied in excesso 
The rate of growth for a continuous flow system can be 
expressed as (56)~ 
~f ~ ,..qx - Dx::; ( A-1 = D) x ooooooo(II) 
In which~ is .the rate of change ot bacterial population 
in the reaction vesselo 
:x is the concentration of organisms 
Mis the specific growth rate 
D is the dilution rate which is inversely proportional 
to the mean detention time (T) 
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Under steady state conditions which were employed in this 
study the reaction rate by definition must be constant; there-
fore, the bacterial concentration must be constant and~ is 
zeroo If we set 
_;1.1 x = Dx ::: 0 
then AA~ D ooooooooooooooooo(III) 
and the growth rate in the reaction vessel is equal to the 
dilution. rate (D)o Also since the dilution rate (D) is equal 
to feed inflow rate (Q) divided by the reaction vessel volume 
(V), which is constant for any units it can be seen that under 
steady state con.di tions the growth .rate ( A.-i ) is mainly con--
trolled by the feed inflow rate (Q)o This holds true as long 
as {,l( ) does not exceed the maximum growth rate (l4 m) o 
The specific growth rate (AA) is also dependent on the 
substrate concentration in the reaction vesselo According to 
Herbert and his associates (56)~ Monod has proposed the 
following .relationship!J 
whe:reg 
Sis the substrate concentration in the reaction vessel 
),{ m is the maximum growth rate 
Ks is a consta.nt numerically equal to substrate concen= 
tration at which the specific growth :rate (l-1) is 
equal to one=half' of the maximum growth rate (A1m)o 
In a steady state system the substrate concentration 
remaining in the reaction vessel will be constant and will 
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also be controlled by the dilution rateo By combining equation 
(III) with equation (IV) the concentration of substrate (S) 
in a system operated under completely mixed steady state con-
ditions may be obtained as~ 
S = Ks '7Tm_D.,.. __ n 1 ) ""' u 0000000000000\V 
The corresponding concentration for the bacterial popu= 
lation may be expressed as: 
X := Y (Si_. - S) ooooooooooooo(VI) 
wherei 
Sz. is the substrate concentration in the inflow feed 
S is the substrate concentration in the reaction vessel 
(which is the same in the effluent) 
Y · is the yield constant which ~~y:--be expressed as the 
ratio of the increase in bacterial weight to the weight 
of substrate consumedo 
This is a very simplified discussion of steady state 
kinetics, but will suffice for the considerations to be pre-
sented in this study.;. A more complete discussion of' steady 
state kinetics may be obtained elsewhere (56)o For the studies 
to be reported here only one dilution rate (Ool25 hr=1 ) and 
one inflow substrate concentt>ation (1000 mg/'l glucose) was 
usedo The only change to the system was the concentration of 
28 
sodium chloride in the inflow feedo 
C., Ifill IS;in.§j;ic.§ Qi Increase .!ia:11.Q ;Qecreas~ .Qf .§odigm Chlq_ridg 
Concen,:g:Ej.tion ]2.Y,~ to .§hg_ck !,.Qs.QJ.ng in .§.t§.s!U: fil~ ~!!J.So 
In this study two shock loading conditions were studiede 
The gradual shock loading of a fresh water unit with a .sodium 
chloride-containing waste and the gradual sho~k loading of a 
unit acclimated to sodium chloride with a fresh water wasteo 
A gradual shock loadi.ng was accompltshed by changing the inflow 
feed of the system from a fresh water waste to a sodium chloride 
waste or by changin,~ from the sodium chloride waste to a i'::resh 
water waste., Both conditions were brought about without chang= 
ing the inflow rateo The kinetics for the increase in sodium 
chloride concentration can be expressed as (57)g 
where~ 
de ::-: C ,, = CD at oc.J 
C0 .is the concentration of sodium chloride in the inflow 
C is the concentration of sodium chloride in the out= 
flow at any time afte:r switching to a sodium chloride 
feedo 
D is the dilution ra.te, which is inversely p.:ropo:rtiona.l 
to the detention timeo 
Upon integration of the equation the following expression 
is obtained~ 
...... - Theoretical 
o- - - -· ·- -o Experimental 
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The validity of this expression was checked by measuring 
the change in chlorides with time in the reaction vessel. The 
experimental results and the theoretical values are compared 
in Figure l. From these results it can be seen that the 
expression is valid. 
The kinetics for the decrease in sodium chloride concen-
tration can also be expressed as: 
!n the case of a decrease in sodium chloride concentration. 
c0 is equal to zero and the expression becomes: 
~• ... CD 
upon integration. this expression yields: 
ln C: - DT + k 
At T = o, k = ln CR, where CR is the sodium chloride concen~ 
tration in the reaction vessel before shocking with the fresh 
water waste. The expression becomes: 
ln C = • DT + ln CR 
From this the final expression of 
may be obtained. 
The validity of this expression was again checked by 
measuring the change in chlorides with time in the reaction 
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vesselo The experimental results and the theoretical values 
are compared in Figure 2o From these results it can be seen 
that the expression is valido 
CH.APTER IV 
MATERIALS AND METHODS 
lo Batch Activated Sludge Systems 
ao Old cells: Batch activated sludge units (la5 
liter aeration volume) were developed from an initial sewage 
seed taken from the effluent of the primary clarifier of the 
Stillwater, Oklahoma municipal sewage treatment plant and 
developed on a synthetic waste containing: glucose, 1000 mg/1; 
(NH1+)2SOJ+, 500 mg/1; MgS04•7H2o, 100 mg/1; FeCl3°6H20, Oo5 
mg/1; CaCl2, 7o5 mg/1; MnS01t 0 H20, 10 mg/1; 1 M potassium 
phosphate buffer (pH 7.0), 10 ml/1; and tap water, 100 ml/lo 
Each unit was allowed to come into solids balance and was 
then operated in accordance with the following procedure .. 
Prior to daily feeding, 500 ml of mixed liquor were wasted 
and the remaining liquor was settled for one houro After 
wasting 500 ml of supernatant, the units were brought to 
volume with synthetic wa.ste constituents and distilled water 
to yield the final concentrations given above .. The unit was 
operated in this manner for at least 21 days before being 
considered as an "old cell" systemo 
In studies to determine the effects of slug doses of salt, 
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the mixed liquor from a batch unit was divided into two equal 
partso Both new units were then fed the standard waste, 
brought to volume and one was shock-loaded with the salt con= 
centration under studyo The 11 fresh watertt unit was .retained 
as a controlo In studies to determine the effects of long 
term exposure to sodium chloride, an activated sludge which 
had been operating as a batch unit for 21 days was dosed with 
the initial concentration of .sodium chloride under .studyo 
The system was allowed to acclimate for two weeks before 
determining the .response of the systemo The unit was then 
dosed wi. th the next concentration of sodium chloride under 
study and allowed to acclimate for two weekso This procedure 
was followed until all concentrations of sodium chloride under 
consideration had been studiedo A fresh water unit was main~ 
tained as a controlo In studies to determine the effects of 
a shock loading of fresh water on sodium chloride-acclimated 
sludges, activated sludges were acclimated to sodlum chloride 
by gradually dosing a fresh water sludge with increasing 
amounts of salto Each unit was operated at the desired salt 
concentration for at least 30 days prior to studying the .effect 
of dosing with a fresh water synthetic wasteo The cells were 
shocked with fresh water by harvesting the cells from the 
salt unit by centrifugation and filtration through a millipo:re 
filte:ro The cells were then suspended in a fresh water syn= 
thetic wasteo The salt unit was :retained as a controlo In 
either type of study~ samples were collected at regular intervals 
during a six-hour period immediately after feeding the unitso 
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Respiration~ substrate :removal and change in biologi.cal solids 
were dete:rminedo 
boYoung cells~ This type of sludge was also started from 
a sewage seed .from the municipal sewage treatment plant and 
developed on the same synthetic waste as the old cell.so In 
studies to determine the effects of slug doses of salts the 
units were operated according to the following p:rocedureo 
The seeded synthetic waste was aerated for 24 hour.so .After 
24 hours~ 50 ml of the mixed liquor were transferred to one 
liter of freshly prepared synthetic wasteo This procedure 
was followed for three dayso On the fourth day.the unit was 
divided into two equal partso Both new units were then fed 
the standard waste and one was shock loaded with the salt 
concentration under studyo The fresh water unit was reta.ined 
as a controlo In studies to determine the effects of a shock 
loading of fresh water on sodium chloride acclimated sludges 9 
activated sludges were allowed to develop in the same manner 
as young fresh water sludges except that the concentration 
of salt under study wa.s added to the syr.\thetic waste feed 
each dayo The units were allowed to operate in this manner 
for seven days o On the eighth day the cells: f:rom one=half of 
the unit were harvested by centrifugation and fil t:ra tion 
through. a millipore filtero The cells were then suspended 
in a fresh water synthetic wa..steo The salt unit was retained 
as a controlo The same sampling procedure was followed and 
the same analyses were made as those conducted fo::r experiments 
with the old cell.So 
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2o Continuous Flow Activated Sludge System 
ao Description of apparatus, standard wastes, and 
operation: A sketch o:t' the bench sea.le activated sludge unit 
employed in this study is shown in Figure 3o The aeration 
volume of the reaction vessel was 2o5 liters with an effective-
volume of 2o4 liters when the sludge was under aerationo Air 
was supplied to the system at a rate of approximately ~000 
ml/mino The inflow feed was stored in a 10-liter reservior 
bottle and the flow rate was regulated by a liquid flow meter 
pumpo The outlet of the feed line was made of bent glass 
tubing and was placed so that there was a two to three inch 
air gap between it and the mixed liquor of the aeration tanko 
The system was operated in a laboratory which was maintained 
at 23°Co ± 3°0 
The synthetic waste contained the same constituents and 
cone en tra ti.ons as that used in the ba. tch a.c ti va ted sludge 
studieso The wastes contained~ glucose, 1000 mg/1; (NB4)2SOi+~ 
500 mg/1; MgS°4°7H209 100 mg/1; FeCl3°6H2o, Oo5 mg/1; CaCl2 9 
7o5 :mg/1; MnSOti- 0 H2o, 10 mg/1; l M potassium phosphate buffer 
(pH 7aO), 10 ml/1; and tap water, 100 ml/lo 
After inoculating the system with sewage seed. 9 it was 
operated a-s a batch unit for 24 hours o After this period it 
was operated as a continuous flow unit at a fixed hydraulic 
rate of 5 ml/mino This provided a. detention time of eight 
hours in the reaction vesselo The unit wa.s thus operated f'or 
at least three days to ensure steady state condition.so After 
this period of equilj_b:ra tion samples were collected daily or 
twice q~ily for two or three d~ys and were analyzed for 
residual. su:qstrateE1nd biological ~olids. This was done- to 
determine the steady state conditions before applying the 
shock :Load with sodium chlorideo 
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T!le shock loading of sodium chlorid.e was introduced· by 
instantaneously shifting the influent feed from a fresh water 
waste to a saline waste. Samples were collected every three 
:hours until the saline waste was 11diluted into" the reaction 
vessel, ioeo, until the sodium chloride concentration irr, the 
reaction vessel was the same as that in the inflow feedo 
Thereafter, three to four samples were collected dailYa The 
units were allowed to operate at the sodium chloride concen-
tration under study for two to three weeks and were then· 
shock-loaded with fresh water. The fresh water shock was 
introduced by instantaneously shifting the influent feed, from 
a saline waste to a fresh water wasteo Samples were again 
qollected every three hours until the sodium chloride had 
be~n completely diluted out of the reaction vessel. There= 
after, three or four samples were collected daily until the 
unit had again reached a steady state conditiono 
. bo Batch unit studies: In order to study the bio= 
chemical response of' the activated sludge in the continuous 
flow system, cells were collected from the effluent of the 
system and analyzed in batch unit studieso Five hundred ml 
of the effluent from the continuous flow system were collected 
before the system was shock-loaded with sodium chloride and 
also after the system had recovered from the fresh water 
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shock loadingo The 500 ml portion was divided into two equal 
partso Both new units were then fed the standard waste and 
one was shock-loaded with the salt concentration under studyo 
The fresh water unit was retained as a controlo In other 
studies, 250 ml of the effluent of the continuous flow unit 
were collected during periods when the continuous flow unit 
was receiving the saline wasteo The batch unit was fed the 
standard waste and the sodium. chloride concentration was 
maintained at the same level as that in the continuous flow 
unito In all cases samples were collected at .regular inter= 
vals during a six=hou:r period immedia. tely a.fter feeding the 
unitso Respiration, substrate removal and change in biological 
solids were determinedo 
3o Related Studies on Effects of Sodium Chloride and 
The Causation of These Effectso 
ao Biochemical composition of the activated sludgeg 
The biochemical composition of the activated sludge was deter= 
mined on samples from batch unit studieso The carbohydrate 
and protein contents of the sludge were determined over the 
six=hour sampling periodo Further biochemical characterization. 
of sludge grown in high salt concentrations (4-5~000 mg/1 NaCl) 
and in fresh water was obtained by analyzing samples collected. 
24 hours after feeding for protein~ carbohydratesi lipi.dll a.n.d 
ribonucleic acid o Gas chromatography (F & M model 180-C=H~·N 
Analyser) was employed to measure the carbon, nitrogen, and 
hydrogen content of the sludgeo 
40 
bo Respiration studies: Old and young cells which 
had been grown according to procedures previously outlined 
under 11Batch Activated Sludge Systems'' were harvested by 
centrifugation and filtration through a millipo:re filter and 
resuspended in a. buffer solution or sodium chloride solutiono 
Old and young cells grown in a fresh water medium and in a 
30,000 mg/1 sodium chloride medium were used in this studyo 
The respiration rates of these cells at various concentrations 
of sodium chloride a.nd potassium chloride were determi.ned 
using the Warburg prptocol given in Table lo Biological 
solids were determined on an initial sample and on the con.ten.ts 
of the Warburg flasks at the end of the runo 
In another study cells from an rvold cell'' sodium chlori.de 
unit and from an 11 old cell'' fresh water unit we:re inoculated 
into a fresh water synthetic waste and placed on the shaker 
for 24 hourso Each day l ml of each uni.twas again transferred 
to a freshly prepared fresh water synthetic waste t:md again 
placed on the shaker for 24- hourso This procedure was 
followed for seven transfers o Respiration s tudie:s usi.ng the 
Warburg protocol of Table 1 were conducted on cells harvested 
from these unitso 
In still another phase of the study a sewage seed was 
allowed to grow on a shaker a.ppara tus .for +8 hour :so The 
standard synthetic waste with a sodium chloride concentration 
of 30,000 mg/1 was usedo At the end of 48 hours the cells 
were harvested and a Warburg respiration study wa.s madeo 
Also l ml of the cell. suspensi.on was t:ransfer:red to a freshly 
.Qgn.s.,:t.1,.tuen t 
Carbon source (glucose) 
Buffer Salts Solution 
(NH4) 2S°4 
MgS°4o?H20 
FeS°4 °6H20 
CaC12 
MnS04 °H20 
l M phosphate buffer 
(pH 7 oO) · 
Tap water 
Distilled water 
TABLE l 
WARBURG PROTOCOL 
Concen...tr.e.tipn 
2000 mg/1 
~~00 mg/1 
400.:mg/l 
8 mg/l 
7o5 mg/1 
8 mg/1 
120 ml/1 
80 ml/1 
To l liter_) 
Washed Sludge Suspended Determined for 
in 30,000 mg/1 sodium each 
chloride or buffer solution experiment 
NaCl or KCl Concentration 
determined 
for each flask 
Total volume reaction mixture 
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J[Q~ume 
10 ml/flask 
15 ml/flask 
5 ml/flask 
10 ml/flask 
ltd ml/flask 
Note: For measurements of respiration under non-proliferating 
conditions the (NH4)2S04 was not included in the buffer 
salts solutiono 
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prepared synthetic waste containing 30,000 mg/1 sodium chlorides 
Thereafter, each day after 24 hours of growth l ml of the cell 
suspension was again transferred to a freshly prepared saline 
wasteo This procedure was followed for seven transferso After 
the seventh transfer the cells were harvested after 16 hours 
of growth and a Warburg respiration study was conductedo 
Co Lysis studies: Studies were made to determine 
the degree of cell lysis accompanying changes in salt concen= 
trationo "Old cells'' grown in 1+5,000 mg/1 sodium chloride 
were harvested by centrifugation 21+ hours after feeding and 
were resuspended in 45,00C mg/1 sodium chlorideo The 
optical density was measured at 51+0 ID.Mo The cells were 
again centrifuged and filtered and the COD of the filtrate 
was determinedo The cells were then resuspended in various 
concentrations of sodium chloride (45,ooo, 30,000, 20~000j 
10,000, 5~000, and zero mg/1) and stirred for ten minuteso 
The optical density was then measured at 540 m,« o The cells 
were centrifuged and filtered and the COD of the filtrate was 
determinedo Ly.sis was measured as decrease in optical dens.ity 
a.nd. increase in. filtrate CODo 
In another study cells grown at var:i.ous salt concentrations 
(45',000, 30,000, 20,000, 10,000 11 and 5',000 mg/1) were ha.:rvested 
shortly after the log-phase of growth by centrifugatio?o All 
cells were resuspended in the sodium chloride concentration 
in which they were growno The optical density was determined 
at 540 m;'{o The cells were centrifuged and filtered and the 
COD of the filtrate determinedo The cells were then resu.spende~ 
in distilled water and stirred for ten minuteso The optical 
density was then determined at 540 m,.u. o The cells were centri-
fuged and filtered and the COD of the filtrate was determinedo 
The degree of lysis was again measured as the decrease in 
optical density and increase in filtrate CODo 
do Gradient study& The gradient study was made 
to determine the response of cells acclimated to 45 9 000 mg/l 
sodium chloride when they were transferred to a fresh water 
environment under non-shock-loading condition.so To accomplish 
such transfer, the salt-grown cells were harvested by centri= 
fugation and then resuspended in a sodium chloride concentra= 
tion of 45,000 mg/lo The salt concentration was gradually 
reduced to 2,500 mg/1 using a linear gradient mixing deviceo 
The cells we.re then centrifuged and resuspended in a fresh 
water synthetic waste mediumo Under these conditions there 
was no evidence of lysiso Using the transferred cells~ a 
batch unit study was made to assess their substrate removal 
efficiencyj rate of respiration, and change in biological 
solidso 
e o Diphasic growth studies g Cells acclima. ted to 
45,000 mg/1 sodium chloride were harvested by centrifugation 
and resuspended in a fresh water synthetic waste medium con= 
tainingg glucose, 400 mg/1; (NE4)2S(\, 200 mg/1; MgS04°7H2o, 
50 mg/l; FeCl3°6H2o, Oo5 mg/1; CaCl2, 7o5 mg/1; MnS04°H20~ 
10 mg/1; l M potassium phosphate buffer (pH 7oO)j 10 ml/l; 
and tap wateri, 100 ml/lo The.system was aerated and samples 
collected to determine rates of substrate :removal and growth 
of the organisms. Growth was followed by measuring the optical 
density. Respiration was followed by using the Warburg respi-
rometer. Another study was conducted to assess the effect of 
the protein inhibitor chloramphenicol (Parke, Davis & Co.) on 
the diphasic growth pattern. Cells acclimated to >+5,000 mg/l 
sodium chloride were harvested as before and resuspended in 
the fresh water synthetic waste medium. The system was divided 
into two batch units. The units were aerated and after 30 
minutes of aeration a chloramphenicol stock solution was added 
to one unit to obtain a concentration of 100 mg/1., The other 
unit was followed as a control. The units were sampled at 
regular intervals. Respiration was followed using the Warburg 
respirometer. Growth was followed by optical density measure-
ments. Twenty-five ml sampies were taken and filtered through 
a o.>+5.,,u millipore filter. Substrate removal was assessed 
using samples of the filtrate.· For cell protein determinationsj 
the solids from the 25 ml samples were resuspended in 10 ml of. 
distilled water and this concentrated suspension was used for 
protein analysis. 
lo Substrate Removal 
ao Chemical oxygen demand (COD): One of the dis-
advantages of the COD test outlined in .§.:tan9&r~ M~.:thoS§ (58) 
is that, under the conditions· of the test, dichroma-te oxidizes 
chloride quantitatively to chlorine: 
The chlorine is lost in the gaseous phase. Since loO mg/1 Cl 
is equivalent to Oo23 mg/1 o, a correction (m.g/1 Cl X Oo23) 
may be made. This correction cannot be applied when silver 
sulfate is used immediately as a catalyst. When applying this 
correction chlorides must be determined on a separate sampleo 
This procedure was tried during preliminary investigations and 
proved very un.satisfactoryo Sodium chloride concentrations of 
20,000 to 30,000 mg/1 provide a COD of 4600 to 6900 mg/1 due 
to chlorideso The COD of the synthetic waste was only 1060 
mg/land after one hour of reaction time this was generally 
decreased to approximately 300 mg/1. Thus it can be seen that 
a one percent error in determining the chloride concentration 
can cause a 15 to 20 percent error in the COD determinationo 
Cameron and Moore (59) attempted to remove chlorides as 
AgCl by precipitation and filtration prior to COD analysiso 
They obtained low COD values with colloidal matter because of 
co-precipitationo Cripps_and Jenkins (60) have developed a 
method in which they use HgSOq. to form the undissociated HgCl2 
. which is only slightly oxidized under standard COD conditi.onso 
The major disadvantage of this procedure is that the COD flask 
must be cooled in an ice bath and the sulfuic acid must be 
added so that the sample does not warm up. When making 30 to 
40 COD analysis this procedure could become very laboriouso 
It also requires.a ghloride ,oorrection~ 
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In preliminary work the author tried ion-exchange resins 
but such a large quantity of resin was required that the method 
was not feasibleo The method finally adopted was precipitation 
of the chlorides with silver sulfateo The method was tested 
for low COD values and it was found that with soluble organic 
material such as glucose very accurate COD values were obtainedo 
Chloride determinations using the Mohr method as outlined i.n 
.§~fill.gg~g Methods (58) were made on a series of samples and the 
results showed that all chlorides had been removedo The fol= 
lowing procedure was used: 
A 25 ml sample was filtered using the membrane filter 
techniqueo Silver sulfate was added to the filtrate and mixedo 
The point at which all chlorides had been precipitated could 
be observed by a change in color of the solution from a milky 
white to yellowo The solution was then centrifuged and the 
supernatant used for the COD test which was conducted accord~· 
ing to the procedure outlined in .§gmg5rf!. ,Meth.gg,2 (58)o 
b., Anthrone (total carbohydrate)i Carbohydrate 
remaining in solution was me.a~ured by the an.throne test using 
the procedures outlined by Gaudy(6l)o Since the anthrone test 
is specific for carbohydrates it can be used to follow the 
removal of glucose from the systemo The difference between 
the results of the COD test and the anthrone test were taken 
as an indication of the release of metabolic intermediates or 
end-products by the microorga.nismso 
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2. Respiration 
Respiration was measured on a Warburg respirometer. The 
system was maintained at 25oc. using a shaker rate of 92 oscil-
lations/min. The detailed techniques and calculations are 
outlined in Manome~.iQ l§chnigue.§ (62) and filangg;tg H§thoil, (58). 
3. Biological Solids 
a. Membrane filter technique: Total and volatile 
sludge synthesis was measured by the membrane filter technique 
as outlined in filanda~ Methods (58). In some studies the 
filtered material was transferred from the membrane to tared 
crucibles for measurement of the total and volatile solids. 
A 50 ml sample was used in these determinations. 
b. Optical density: Biological solids were also 
determined by measuring the optical density at 540 m.A,{ • A 
calibration curve of biological suspended solids vs. optical 
density which was determined by Rao (63) was used. 
4. Biochemical Composition of Cells 
a. Carbohydrate and protein: The carbohydrate and 
protein contents of the sludge were measured by using the 
an.throne and bluret test respectively; the procedures for 
these tests have been described in detail by Gaudy(6l). 
b. Lipids: Extraction of lipids from a filtered 
25 ml sample of sludge was carried out using 60 ml of a 3:1 
ethanol:ether (Skelly F., B.P. 30-60) mixture(64). Lipids 
were extracted for six hours on a shaker apparatus at 25°c. 
After extraction the flask contents were filtered through a 
o.45....,t,\ millipore filter. The filtrate was poured into a COD 
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flask and the ethanol;ether mixture was e.vaporated off at 70°co 
The flasks were then flushed with a gentle air streamo Blanks 
and standards were prepared by similarly evaporating 60 ml of 
the ethanol:ether mixture alone and 60 ml of the mixture con-
taining known amounts of stearic acid,, After evaporation the 
standard procedure for COD analysis was followed" 1.ipids were 
reported as equivalent stearic acido 
Co Ribonucleic acid~ Cells acclimated to 45~000 mg/1 
sodium chloride were harvested from a batch=operated unit 24 
hours after feeding" The cells were washed twice using a 
solution containing lt5, 000 mg/1 sodium chlor:ide" Cellula.:r 
pools and other soluble material were extracted with five 
percent trichloroacetic acid at 25°ca for 15 minuteso After 
centrifugation~ the residue was extracted with a 2gl chloro= 
form:methanol mi . .xture at 25°ca for 30 minuteso Nucleic acids 
were then removed from the residue with five percent tri= 
chloroacetic acid at l00°Co for 30 minutes (45)o RNA was 
determined as ribose by the orcinol method described by Morse 
and Carter (65)a An aliquot of the hot TCA soluble material 
was made to 2a0 ml with distilled watero Five ml of a 
solution containing Ool g of anhydrous ferri.c chloride in 
500 ml of concentrated hydrochloric acid were addeda This 
was followed by Oa3 ml of a solution containing 2o0 g orcinol 
in 20 ml of 95 percent ethanola After mi.xingj the tubes were 
heated at 100°co for 20 minutes and then adjusted to 7o3 ml 
with dis tilled water o Optical density was measured at 660 IDA-i o 
Standards were run using a .solution conta.ini:n.g 400 AA g yeast 
RNA (Calbiochem) dissolved in loO ml of five percent TCAo 
do Carbon, nitrogen, and hydrogen: Gas chromatography 
was employed to measure the carbon, nitrogen and hydrogen con-
tent of the sludgeo A F&M model 180 C-H=N analyzer was usedo 
CHAPTER V 
RESULTS 
lo Effects of Shock Loading Old Fresh Water Sludge Wi.th 
Sodium Chloride 
The changes in system parameters for an old .fresh water 
sludge shock=loaded with sodium chloride are compared with the 
control system in Figures l+-lOo Figures l+, 5j and 6 show that 
a shock load of 59 000, 8,000~ or lOjOOO mg/1 sodium chloride 
had little or no effect on the systemo The substrate removal 
(which was complete within two hours of aeration time)~ the 
oxygen uptakej and the solids production were approximately 
the same for the shocked system and the control systemo 
A sodium chloride concentration of 12j)OOO mg/1 (Figure 7) 
caused the first variations in system pa.ramete:rso These 
variations are slight but it can be seen that the shockeb 
system :required approximately one hour longer for effective 
removal of the subs t:ra te o ".rhe solids produ.c tion and oxygen 
uptake were approximately 20 percent greater in the shocked 
systemo At a sodium chloride concentration of 15~000 mg/1 
(Figure 8), the shocked sys tern again required app:ro:xi.ma tely 
one hour longer than the control to re.move the subst.rateo 
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FIGURE 5 CHANGE IN SYSTEM PARAMETERSo OLD FRESH WATER 
SLUDGE SUBJECTED TO SHOCK LOAD OF 8,000 mg/1 NaCl., 
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FIGtrRE 6 CHA.N&E IN •SYSTEM PARAMETERS o OLD FRESH WATER 
SLUDGE SUBJECTED TO SHOCK LOAD OF 10~000 mg/l NaCl. 
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FIGURE 7 CHANGE IN SYSTEM PARAMETERSo OLD FRESH WATER 
SLUDGE SUBJECTED TO SHOCK LOAD OF 12,000 mg/1 NaClo 
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The solids production was approximately ten percent greater 
in the shocked system than in the controlo The effects of a 
shock load of 30,000 mg/1 sodium chloride are shown in Figure 9o 
The shocked system required approximately two and one-half 
hours longer to remove the substrate than the control systemo 
It is interesting to note that the difference in solids pro= 
duction was reversed from sodium chloride concentrations of 
12,000 and 15,000 mg/lo The solids production was approxi= 
mately 12 percent greater in the control system than in the 
shocked systemo 
In Figure 10 it is seen that a concentration of 45,000 
mg/1 affected the biochemical :response of the system much 
more severely than the other concentrationso The higher salt 
concentration apparently caused a considerable degree of lysis 
and release of cellular constituentso In this study the 
initial COD due to glucose was 1025 mg/1, whereas the initial 
COD measured immediately after adding the salt was 1600 mg/lo 
It is also seen that the released materials were removed from 
the system prior to utilization of the glucose, since at the 
end of two and one-half hours only 80 mg/1 of the original 
carbon source (glucose) had been utilized, while the released 
COD had been reduced by approximately 600 mg/lo The delete= 
rious effect of the salt dosage is best assessed by noting 
that in the control system glucose removal was e~sentially 
complete in two and one-half hours, whereas in the shocked 
system only 39 percent was remov~d in six hours~ The solids 
produc_tion was a.ppro:xima tely 170 _ percent greater and the 
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FIGURE 13 PHOTOMICROGRAPH OF OLD FRESH WATER , 
SLUDGE 5 BCURS AFTER BEING SHOCK ~OADED 
WITH 15, 000 mg/1 Na Cl. (x 2620 · 
FIGURE 14 PHOTOMICROGRAPH OF OLD FRESH WATER 
SLUDGE 5 HOORS AFTER BEING SHOCK LOADED 
WITH 30,000 mg/1 NaCl. (x 2620) 
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oxygen uptake 40 percent greater in the control than in the 
shocked system. 
Microscopic examinations were made on the sludge from 
61 
the units and the photomicrograph (Figure ll) of the control 
unit shows a typical activated sludge composed of large floe 
particles together with bacteria, protozoa, and fungi. Photo-
micrographs were also taken of the shock-loaded systems approxi-
mately five hours after being shocked with the sodium chloride. 
Figure 12 shows that a sodium chloride concentration of 10,000 
mg/l had no affect on the appearance of the sludge. The 
sludge was still composed of large floe particles together 
,with bacteria, protozoa, and fungi. The unit shocked with 
8,000 mg/1 sodium chloride also had the same appearance. 
Sodium chloride concentrations of 12,000, 15,000, and 20,000 
mg/1 caused the sludge to be a little more dispersed and this 
is shown by Figure 13. At a sodium chloride concentration of 
30,000 mg/1 the sludge became even more dispersed and fewer 
predators were observed (Figure 14). Several tetrad forms 
of large cocci were also observed. 
2. Effects of Long Term Exposure to Sodium Chloride 
The changes in system parameters under long term exposure 
to various concentrations of sodium chloride are compared with 
the control system in Figures 15 - 23. Figures 15, 16, 17, 
18, and 19 show that a long term exposure to sodium chloride 
concentrations of 1500, 3000, 7500, 12,000, or 15,000 mg/1 
had little or no effect on the system. The substrate was 
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effectively removed within two hours by both, the control and 
experimental units in each experimento The solids production 
and the oxygen uptake were approximately the same for both 
units, and the point of maximum solids prt;>duction corresponds 
to the point of maximum COD removal .. 
The first distinct variations in system performance were 
observed at a sodium chloride concentration of 18,000 mg/1 
(Figure 20) .. The substrate was effectively removed by both 
units in two and one-half hours, but the solids production 
in the sodium chloride unit was 38 percent greater than in 
the control and the oxygen uptake in the sodium chloride unit 
was 63 percent greater than in the controlo Thus a definite 
stimulation by the sodium chloride was observedo A sodium 
chloride concentration of 22,500 mg/1 (Figure 21) still showed 
some delayed stimulation, but this stimulation was not nearly 
as much as 18,000 mg/1 sodium chlorideo The production of 
solids and the oxygen uptake in the sodium chloride unit was 
approximately ten percent greater than in the control systemo 
The sodium chloride unit also required one hour longer than 
the control unit to remove the substrate .. 
The effects of long term exposure to 30,000 m.g/1 sodium 
chloride are shown in Figure 220 The solids production in 
the control unit wa.s33 percent greater. than in the sodium 
chloride unit, but the oxygen uptake was th~ sa~e in both 
units. An inhibitory effect on solids production and no 
effect or a slight stimulatory effect on oxygen uptake by the 
sodium chloride is indicatedb It is also interesting to note 
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tha::t the glucose was .removed in the same length of time by both 
units, but 250 mg/1 of COD still remained in the sodium chloride 
unit at the point of maximum glucose removal, whereas only 50 
mg/1 of COD still remained in the control unito These results 
indicates a greater release of metabolic intermediates or end 
products during glucose metabolism in the presence of NaClo 
Figure 23 shows very clearly the effects that high con-
centrations of sodium chloride (45jOOO mg/1) can have on an 
activated sludge systemo It is seen that the efficiency of 
COD removal was greatly impairedo At the end of six hours 
of aeration 280 mg/l of COD still remained in the sodium 
chloride unit even though the glucose had been effectively 
removed in four hours of aerationo Both the COD and glucose 
were removed in two and one-half hours in the control unito 
From these data it would appear that considerable amounts of 
metabolic intermediates or end products were again released 
during glucose metabolismo Also, synthesis of new sludge was 
greatly impaired in the sodium chloride unito The increase 
in solids in the control unit was 130 percent greater than in 
the sodium chloride unito There was very little difference 
in the total oxygen uptake, even though the sodium chloride 
unit exhibited an initial lag in oxygen uptakeo 
Microscopic examinations were also made on these systems 
and may be compared with the typical activated sludge system 
shown in Figure llo Figure 24 shows a photomicrograph of a 
sludge under long term exposure to 12!1000 mg/1 sodium chlorideo 
It can be seen that 12j000 mg/1 sodium chloride had no effect 
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FIGURE 24 PHOTOMICROGRAPH OF A SLUDGE UNDER 
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FIGURE 25 PHOTOMICROGRAPH OF A SLUDGE UNDER 
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FIGURE 26 PHOTOMICROGRAPH OF A SLUDGE UNDER 
LONG TERM EXPOSURE TO 30,000 mg/1 NaClo 
(x 2620) 
FIGURE 27 PHOTOMICROGRAPH OF A SLUDGE UNDER 
LONG TERM EXPOSURE TO 45jOOO mg/1 NaClo 
(x 2620) 
75 
on the appearance of the sludge. The sludge consisted of 
large floe particles together with bacteria, protozoa, and 
fungi. Sodium chloride concentrations of 15,000, 18,000, and 
22,500 mg/1 produced a sludge that was a little more dispersed 
but still had floe particles and predators. Figure 25 shows 
a photomicrograph of a sludge under long term exposure to 
18,000 mg/1 sodium.chlorideo This sludge is characteristic 
for all three concentrations. 
Figure 26 shows the changes in sludge characteristics 
when grown in 30,000 mg/1 sodium chloride. The sludge was 
dispersed, with very few large floe particles in evidence. 
A few predators were present but were not nearly as numerous 
as before. The predominating organisms are small cocci •. 
Figure 27 shows a photomicrograph of a sludge after long term 
exposure to 45,000 mg/1 sodium chloride. The sludge was 
· rather dispersed, very few predators were found, and the pre-
dominating bacteria were small coccio It is interesting to 
note that the bacteria were much smaller than those observed 
in the control or the shocked systems. 
3. Effects of Shock Loading an Old Sludge Acclimated 
To Sodium Chloride With Fresh Water 
The responses of glucose-acclimated sludges, grown in 
synthetic wastes containing 10,000, 30,000, and 45,000 mg/1 
sodium chloride, when shocked with fresh water medium are 
shown in Figures 28, 29, and 30. In Figure 28 it is seen 
that an old sludge grown in 10,000 mg/1 sodium chloride was 
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affected very little when shocked with fresh watero The COD 
removal in the fresh water-shocked system was retarded very 
little and the oxygen uptake was approximately the same in 
both units, as was the increase in solids concentrationo The 
total solids production was a little greater in the sodium 
chloride unit which might indicate a stimulation in growth 
by the salto Comparison of the initial glucose and COD 
values immediately after dosing with fresh water indicates 
that there was no release of cellular components due to the 
fresh water shocko 
In Figure 29 it is seen that an old sludge grown in 
30,000 mg/1 sodium chloride could effectively remove the 
substrate when salt concentration remained at this levelj 
whereas the same sludge system devoid of sodium chloride 
underwent a considerable loss of efficiencyo Comparison of 
the initial glucose and COD values immediately after dosing 
with fresh water indicates that there was an immediate release 
of cellular componentso The glucose concentration was 1015 
mg/1, whereas the COD concentration was 1200 mg/lo Com-
parison of the COD and glucose removal curves indicates a con-
tinual release of cellular components or metabolic intermedi= 
ates for the first two and one=half hours of aerationo This 
was shown by a gradual decrease in COD while there was a 
rapid decrease in glucoseo This was further borne out by the 
solids curveo The solids concentration decreased slightly 
during the first two hours of aeration., The loss in efficiency 
of the fresh water shocked system is shown by the fact that 
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only 200 mg/1 of COD was removed in six hours of aeration. 
Also the solids production in the salt unit was 620 percent 
greater and the oxygen uptake 250 percent greater than in the 
fresh water-shocked system. 
In Figure 30 it is seen that an old sludge grown in 
45,000 mg/1 sodium chloride could remove glucose in a reason-
able aeration period when the salt concentration Was maintained 
at the same level. However, the removal of total COD was 
greatly retarded as compared with the results shown in 
Figure 29 for sludge grown on 30,000 mg/1 salt. From these 
data it would appear that considerable amounts of metabolic 
intermediates or end products were released during glucose 
metabolism .. When a portion of the same sludge was placed in 
the growth medium made up in fresh water, an initial increase 
in COD of approximately 200 mg/1 resulted, indicating an 
inunediate release .of cellular constituents. There was a slow 
rise in COD during the first one and one-half hours of aeration. 
It .is seen that very little glucose was removed, and it is also 
evident on the basis of oxygen uptake and biological solids 
production that the salt-grown sludge could not respond success= 
fully to the rapid decrease in salt concentration. 
4. Effects of Shock Loading Young Fresh Water Sludge 
With Sodium Chloride 
The changes in system parameters for a young fresh water 
sludge shock-loaded with sodium chloride are compared with the 
control system im Figures 31 and 32. Figure 31 shows that a 
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shock loading of 30,000 mg/1 sodium chloride causes a consider-
able loss in efficiency. The substrate was effectively removed 
in two and one..-half hours in the control system, whereas 450 
mg/1 of COD still remained in the shocked system after six 
hours of aeration. The glucose was completely removed in six 
hours in the shocked system thus indicating the release of 
metabolic intermediates or end products during glucose metab-
olism. The increase in solids in the control was 160 percent 
greater than in the shocked system, whereas the oxygen uptake 
was only 12 percent greater indicating a considerable shift 
in the ratio of respiration to synthesiso 
In Figure 32 it can be seen that total destruction of 
system ef:tTciency resulted from a shock loading of 45, 000 mg/1 
sodium chlorideo The biological solids decreased to zero and 
there was no oxygen uptake or substrate removal observed after 
the first hour of aerationo It is interesting to note that 
metabolic intermediates or end products were being released in 
the control system during glucose metabolism and that the sludge 
required an apparent acclimation period before they were re-
moved. 
5. Effects of Shock Loading A Young Sludge Acclimated To 
Sodium Chloride With Fresh Water 
The responses of young glucose-acclimated sludges, grown 
in synthetic wastes containing 10,000, 30,000, and 45,000 mg/1 
sodium chloride, when shocked with fresh water medium are shown 
in Figures 33, 34, and 35. In Figure 33 it is seen that a 
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young sludge grown in 10,000 mg/1 sodium chloride was affected 
very little when shocked with fresh water. The substrate re-
moval, solids production, and oxygen uptake were fairly similar 
for both systems. The oxygen uptake of the shocked system did 
show a lag as compared to the control. Both systems released 
a considerable amount of metabolic intermediates or end pro-
ducts during glucose metabolism. 
In Figure 34 it is seen that a young sludge grown in 
30,000 mg/1 sodium chloride could remove glucose in a reason-
able aeration period when the sodium chloride concentration 
was maintained at that level. Considerable amounts of meta-
bolic intermediates or end products were released. When a 
portion of the same sludge was shocked with a fresh water 
medium, an initial increase of COD of approximately 100 mg/l 
resulted, indicating an immediate release of cellular com-
ponents. However, the system recovered rapidly and effectively 
removed the COD in six hours of aeration. The increase in 
solids was approximately 100 percent greater in the shocked 
system and the oxygen uptake approximately 20 percent greater 
than in the acclimated system. It is interesting to compare 
these results with those obtained when an old sludge grown in 
30,000 mg/l sodium chloride was shocked with fresh water. It 
was seen in Figure 29 that when the old sludge was dosed with 
fresh water the system underwent a considerable loss of effi-
.. 
ciency, whereas the young sludge .recovered from the initial 
shock and had an overall efficiency better than the .controlo 
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In Figure 35 it is seen that a young sludge grown in 
45,000 mg/l sodium chloride could ef'f'ectively.remove the glu-
cose when the salt concentration was maintained at that levelo 
However, when a portion of the same sludge was shocked with a 
fresh water medium, an initial increase of COD of approximately 
l+OO m.g/1 resulted, again indicating an immediate release of' 
cellular components, and almost complete destruction of system 
efficiency occurredo · Only 180 mg/l of COD was removed in six 
hours of' aeration with an accumulated oxygen uptake of only 
70 mg/land an increase in solids of only 50 mg/lo 
B. Continuous Flow Activated Slud~ §yst§!B 
lo Response of System To Shock Loading of-30,000 mg/1 
Sodium Chloride 
a~ Response to gradual shock loading: Figure 36 
shows the general response of' a continuous flow activated 
sludge system to a gradual shock loading of 30,000 mg/1 
sodium chlorideo In the steady-state condition before the 
shock loading the volatile solids were maintained at approxi-
mately 320 mg/1 with a residual COD of' 120 mg/1 and a glucose 
residual of' 15 mg/lo It is seen that the residual COD is 
approximately 100 mg/l greater than the residual glucose. 
Such residual COD cannot be attribut~d _solely to .. _the _in:ter- ,. 
f'erence of' the inorganic salts in the waste ~edium 0 Aooo!ding 
to Komolrit (57) the COD due to.the inorga:n~c salt i;t1t~r-
ference for this medium will never E:ixoeed 30 to ,o .mi/lo: 
Therefore, these results tend to indicate that metabolic 
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intermediates or end products are being released during glucose 
metabolismo The release of these materials was also observed 
in the earlier batch studieso It is interesting to note that 
the volatile biological solids were increased by approximately 
50 m.g/1 at the lower concentrations of sodium chloride (8,ooo 
to 10,000 mg/1) and as the salt concentration increased .beyond 
this level the volatile solids decreased to a low of 110 mg/lo 
During this decrease in solids there was a sharp increase in 
residual COD and glucose, but as soon as the solids beg·ah to 
level off, the residual COD and glucose dropped sharplyo The 
COD decreased to a value less than before the salt shock 9 
whereas the glucose decreased to a value slightly greater than 
before the shocko Between three and four days after the salt 
shock the system response changed without any change in the 
sodium chloride concentrationo The volatile solids increased 
by approximately 100 mg/1 and the residual COD increased by 
25 mg/lo There was no change in the residual glucoseo 
Six days after being shocked with sodium chloride the 
influent waste was changed from the salt waste to a fresh 
water wasteo As the sodium chloride concentration decreased, 
the volatile solids increased very sharply to a value approxi= 
mately twice that of steady=state conditions before the salt 
shocko A peak in solids production is indicated at a sodium 
chloride concentration of approximately 7,500 mg/lo Below 
this salt cone en tra tion the solids dropped sharpl.y and finally 
leveled off at 405' mg/lo This solids lervel wa.s 85 mg/l 
greater than the steady-state level before the salt shocko 
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During the sharp increase in solids the residual COD and glucose 
were decreased and both leveled off at values less than the 
steady-state levels before the salt shock. 
bo Response to immediate shock loading - batch unit 
studies: In order to analyze the biochemical response of the 
sludge in the continuous flow unit to an immediate shock load, 
sludge was harvested from the continuous flow unit and studied 
in batch units. Figure 37 shows the biochemical response to 
an immediate shock loading of 30,000 mg/l sodium chloride of 
a sludge harvested before the continuous flow unit was sub~ 
jected to a sodium chloride shock loadingo The initial COD 
and glucose concentration of' the control were higher than the 
shocked system because the sodium chloride was added to the 
shocked system in a volume of water and the control unit was 
not adjusted to this new volumeo Thus, the volume of' the 
control unit was less than the shocked system and the same 
volume of glucose from a stock solution was added to both 
units. In all later studies the volume of the control unit 
was adjusted with distilled water to that of the shocked 
system. It can be seen that a shock load of 30,000 mg/1 
sodium chloride had a very deleterious effect on the effic-
iency of the systemo The fresh water system removed 67 per-
cent of the COD in six hours aeration time, whereas the shocked 
0 
system removed only 11 percent of the COD in six hourso The 
oxygen uptake in the shocked system was only one-half that in 
the control and the solids production in the shocked system 
was only one-fifth that of the controlo 
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Figure 38 shows the response to an immediate shock load-
ing of 30,000 mg/1 sodium chloride of a sludge that was har-
vested after the sodium chloride waste had been diluted out of 
the continuous flow unit and the unit had again reached steady-
.state condition.so It is seen tha.t the 30 9 000 mg/1 sodium 
chloride shock loading again had a very deleterious effect on 
the efficiency of the systemo The control system removed 86 
percent of the COD in six hours aeration~ whereas the shocked 
system removed only 31 percent of the COD in six hour.so The 
glucose was effectively removed from the shocked system in 
four hours but very little was used for growth or respiration; 
most was :released as metabolic intermediates or end product.so 
Co Bi.ochemical :response· of acclimated sludge -
batch unit studies~ The biochemical response of a sludga 
grown in a continuous flow unit and acclimated to 30 9 000 mg/1 
sodium chloride is shown in Figure 390 The glucose was effec-
tively .removed in three hours and 90 percent of the COD was 
removed in six hours of ae:rationo It is seen that metabolic 
intermediates or end products were released during glucose 
metabolism and these were metabolized after the glucose re= 
moval was completedo A slight retardation in the rate of 
oxygen uptake at the point of complete glucose removal su.ggest,s 
a short acclimation period before the i.ntermediates or end 
products were metabolizedo 
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2. Response of System To Shock Loading of 45,000 mg/l 
Sodium Chloride 
a. Response to gradual shock loading: Figure 40 
96 
shows the general response of a continuous flow activated sludge 
system to a gradual shock loading of 45,000 mg/1 sodium chlorideo 
In the steady-state condition before the shock loading, the 
volatile solids were maintained at approximately 315 mg/lo 
This agrees very well with the system that was shocked with 
30,000 mg/lo A residual COD of 75 mg/1 and a glucose residual 
of 10 mg/1 was characteristic of the steady-stateo The glucose 
residual compares very well with the previous system, whereas 
the residual COD is somewhat lowero This could indicate that 
the sludge in this system released less metabolic intermediates 
or end products than the system shocked with 30,000 mg/1 sodium 
chloride, thus, making it a more efficient sludge. Both units 
were started independently from sewage seedo The volatile 
solids again increased at the lower concentrations of sodium 
chloride and decreased at the higher concentrationso At 
approximately four days after the addition of sodium chloride 
the solids concentration leveled off at a value of 190 mg/lo 
The solids remained at this level for approximately two days 
and then began inc:reasingo After this the volatile solids 
cycled from a high point to a low point and continued to do so 
until the waste was changed from a salt waste to a fresh water 
waste. The residual COD showed the same type of pattern as 
the volatile solids except that the :residual COD was at a high 
point at the time the volatile solids were at a low pointo 
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The residual glucose varied during the run but never more than 
20 to 30 mg/1, whereas the residual COD varied by as much as 
350 mg/1. It appears that the difference in volatile solids 
was due to the ability of the sludge to metabolize the meta-
bolic intermediates or end products released into the medium 
during glucose metabolismo 
After 16 days of operation with a salt waste, the influent 
was changed from the salt waste to a fresh water wasteo As 
the sodium chloride concentration decreased the volatile solids 
increased until a sodium chloride concentration of approximately 
8,000 mg/1 was reachedo At this concentration the volatile 
solids decreased very rapidlyo During the increase in solids 
the residual COD and glucose remained approximately the same, 
but as the solids decreased the residual COD and glucose in-
creased very sharply until the residual COD reached a maximum 
l 
of 625 mg/1 and the residual glucose reached a maximum of 225 
mg/1. Approximately two days after changing the influent waste 
to a fresh water waste the system began adjusting to the shock 
and reached a steady•state condition very similar to that be-
fore the sodium chloride shock loadingo 
Photomicrographs were taken of sludges from the continuous 
flow unito Figure 41 shows a photomicrograph of the sludge 
before the unit was shocked with sodium chlorideo It is seen 
that the sludge consisted of dispersed rods and cocci, some 
diplo forms, a few protozoa and practically no floe particleso 
Figure 42 shows a photomicrograph of the sludge after its 
acclimation to 45,000 mg/1 sodium chlorideo It is seen that 
FIGURE 41 PHOTOMICROGRAPH OF A SLUDGE FROM 
CONTINUOUS FLOW UNIT BEFORE NaCl SHOCK. 
(x 2620) 
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FIGURE 42 PHOTOMICROGRAPH OF SLUDGE FROM CONTINUOUS 
FLOW UNIT 14 DAYS AFTER BEING SHOCKED WITH 
45,000 mg/1 Na Cl. (x 2620) 
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FIGURE 43 PHOTOMICROGRAPH OF SLUDGE FROM CONTINUOUS 
FLOW UNIT 24 HOURS AFTER BEING RETURNED TO FRESH 
WATER WASTE (x 2620) 
FIGURE 44 PHOTOMICROGRAPH OF SLUDGE FROM CONTINUOUS 
FLOW UNIT OPERATING IN STEADY-STATE AFTER BEING 
RETURNED TO A FRESH WATER WASTE (x 2620) 
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th~ $1Udge consists almost entirely of very small single cell and 
diplo coccio There were very few predators presento Figure 
43 shows the sludge 24 hours after the unit had been returned 
to a fresh water wasteo The system was exhibiting its greatest 
degree of lysiso The residual COD was at its high point and 
the solids were at a low pointo It is seen that the sludge 
consisted almost entirely of chains of cocci and short rodso 
Figure 44 shows the sludge after again obtaining steady-state 
conditionso The slq.dge consisted of dipJ..o cocci and chains of 
cocci and rodso The chains are generally shorter than those 
observed in Figure 430 It is evident that the morphology of 
the system changed after being shocked with 45,000 mg/1 sodium 
chlorideo 
bo Response to immediate shock loading - batch unit 
studies: The effects of an immediate shock loading of 45,000 
mg/1 sodium chloride on a sludge harvested from a continuous 
flow system operating under steady-state conditions before 
being shocked with sodium chloride are shown in Figure 450 It 
is seen that the shock loading did have a deleterious effect 
on the efficiency of the sludgeo The increase in volatile 
solids in the shocked system was only one-fifth that in the 
control and the total oxygen uptake for the six hour test 
period was less than one-half that in the controlo The shocked 
system did effectively remove the glucose in the six hours but 
only 15 percent of the COD was removedo It should also be 
noted that in the control unit t~e glucose was effectively 
removed in two and one-half hours, whereas only 32 percent of 
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the COD was removed in six hourso Thus, in both units a con-
siderable amount of metabolic intermediates or end products 
were released during the glucose metabolismo 
At this point it was felt that it would be advantageous 
to make a study of shock loading a sludge from this same unit 
with 30,000 mg/1 sodium chlorideo This was done in order to 
evaluate the differences in effects of two different concen-
trations of sodium chloride on sludges harvested from the same 
continuous flow unite Sludge was harvested for the 30,000 mg/l 
sodium chloride study two days after the 45,000 mg/1 sodium 
chloride study (Figure l+5) was conductedo The results of the 
30,000 mg/1 study are shown in Figure 1+6. The oxygen uptake 
for the shocked system was approximately one-half of that for 
the control and the increase in solids for the shocked system 
was about one-sixth that of the control. The glucose was effec-
tively removed from the shocked system in six hours and 36 
percent of the COD was removedo The system which was shocked 
with 30,000 mg/1 sodium chloride was affected in a manner 
similar to the system that was shocked with 45,000 mg/1 sodium 
chloride, but when one examines the control systems for the two 
tests a completely different response is observed for each con-
trolo In Figure 46 it is seen that the control system had 
effectively removed the glucose in one and one-half hours and 
after a short acclimation period the remaining COD was removed 
at a fairly rapid rateo This acclimation period produced a 
diphasic growth curve and a diphasic oxygen uptake curveo In 
the control system of Figure 45, it is seen that an acclimation 
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to the remaining COD did not occur during the six hour test 
period and the volatile solids of the system decreasedo This 
indicates that endogenous respiration was taking placeo It 
is possible that if the test had been conducted for a longer 
period of time, an acclimation to the metabolic intermediates 
or end products would have been observed and the remaining 
COD would have been removedo The main consideration to be 
delineated here is that the biochemical responses of the two 
control units were different even though they were harvested 
from the same continuous flow unit only two days aparto 
Figure 47 shows the response to an immediate shock load-
ing of 45,000 mg/1 sodium chloride to a sludge that was har-
vested aft·er the sodium chloride waste had been diluted out 
of the continuous flow unit and the unit had again reached 
steady-state conditionso It is seen that the sodium chloride 
had a very serious effect on the efficiency of the systemo 
The volatile solids in the"' shocked system increased by 50 mg/l 
the first hour and thereafter decreased, even though 980 mg/1 
of glucose remained in the systemo Forty~four percent of the 
glucose was removed in six hours but only seven percent of the 
COD was removed. It is also interesting to note that the 
efficiency of the control system was greatly retarded when 
compared to the other control systemso Only 14 percent of the 
COD was removed in six hours and yet 85 percent of the glucose 
was removed in three hourso This indicates that the sludge 
which survived the fresh water shock loading was not as 
efficient as the sludge developed before the sodium chloride 
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shock loading. 
c. Biochemical response of acclimated sludge -
batch unit studies: Figure 48 shows the response of a sludge 
harvested from the continuous flow unit after acclimation to 
45,000 mg/1 sodium chloride. The solids were at a low level 
when this sludge was harvested. The glucose was removed in 
six hours, but only 38 percent of the COD was removed in six 
. hours. Figure 49 shows the response of a sludge from the same 
unit but harvested when the solids were at a high levelo The 
solids concentration was reduced in the batch study to corre-
spond to the solids concentration in Figure 48. It is seen 
that this sludge was more efficient than the sludge harvested 
at the solids low point. Sixty-six percent of the COD was 
removed in six hours, whereas the other sludge only removed 
38 percent in six hours •.. It iES al~o intere~ting ~o comp~re 
these two sludges with the sludge acoli~at~d toJo,ooo mg/1 
sodium chloride. (Figure 39) • It i.s se~n . tp.a t tlle sludge _ .. 
acclimated to 30,000 mg/1 sodium chloride was much more effi-
cient than either sludge acclimated to 45,000 mg/1. 
3. Response qf System T9 Gradt;tal Shock Loading of 
8,000 mg/1 Sodium Chloride. 
In the gradual shock loading studies.with 30,000 and 
45,000 mg/1 sodium chloride, it was obseJ:'VEad that t:tie volatile 
solids concentration in the continuous flow unit increased at 
low sodium chloride concentrations. A sodium chloride concen-
tration of approximately 8,000 mg/1 appeared to be the most 
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stimulatingo Therefore, it was felt that a continuous flow 
unit should be operated at a sodium chloride concentration of 
8,000 mg/1 for several days to see whether an increase in bio-
logical solids could be maintained due to sodium chlorideo 
' The results of this experiment are presented in Figure 50o It 
is seen that the solids concentration for steady-state condi-
tions before adding the salt waste was approximately 260 mg/lo 
The solids concentration remained at this value for four days 
after being shocked with 8,000 mg/1 sodium chloride, but on 
the fourth day the solids began to increase to a concentration 
of 450 mg/lo They remained at this level until the influent 
waste was again changed to a fresh water wasteo The solids 
concentration then decreased but after three days had not 
decreased to a concentration as low as before the salt shocko 
Thus, a sustained increase in biological solids was observed 
at a sodium chloride concentration of 8,000 mg/lo 
Co Eelat§g Studi~s .Qll Effegt§ Qf Sodium Chloride and The 
Causation of These E.rf.§c~§ 
lo Biochemical Changes Due to Sodium Chloride Concentrations 
Changes in carbohydrate and protein content of the sludge 
during the aeration period for batch activated sludges accli-
mated to various sodium chloride concentrations are compared to 
the composition of sludge growing in fresh water medium in 
Figure 5lo Sodium chloride concentrations up to 12jQOO mg/1. 
' did not seriously affect the protein and carbohydrate content, 
but at the 30,000 mg/1 and 45,000 mg/1 sodium chloride levels 
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FIGURE 51 EFFECT OF Na.Cl ON CARBOHYDRATE AND PROTEIN 
CONTENT OF SLUDGE ACCLIMATED TO VARIOUS SALT 
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the carbohydrate and protein contents were reduced by approxi-
mately 50 percento This is further borne out by results shown 
in Figure 520 The carbohydrate and protein content of the 
sludge 24 hours after feeding was increased slightly up to a 
salt concentration of approximately 15,000 mg/lo Above this 
I , 
level both the protein and carbohydrate content of the sludge 
dropped sharply to a level approximately 50 percent less than 
a sludge grown in fresh watero 
A more complete biochemical analysis of sludge harvested 
from a unit acclimated to 45,000 mg/1 sodium chloride is com-
pared with sludge from a fresh water unit in Table IIo The 
normal ranges for bacterial cells (66) are a,iso given for com-
parative purposeso The values for the freshi water sludge com-
pare well with the average values, whereas, )the biochemical 
Unit 
NaCl 
Fresh Water 
Average, 
Values (66) 
TABLE II 
COMPOSITION OF CELLS 
(gm/100 gm volatile solids) 
Carbo- Protein Lipids* RNA 
hydrate 
llo8 l5o7 33o2 19o2 
22o2 47o0 l8o7 7o7 
15-20 50 10-15 10 
\ 
Carbon 
50o7 
53ol 
50 
* Lipids are expressed as stearic acid 
Hydro- Nitro-
gen gen 
708 llo5 
803 10o7 
10 8-15 
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composition of sludge grown in 45,000 mg/1 is considerably 
different. The carbohydrate content of this sludge was approxi-
mately halt and th~ protein content one-third that of the fresh 
water sludge.- Conversely, the lipid content was approximately 
double and the RNA content two and one-half times that of the, 
fresh water sludge. Even though the biochemical analyses of 
the fresh water and the sodium chloride sludge differ, Table II 
shows that the carbon, hydrogen and nitrogen content are the 
same for both sludges. Both sludges compare well with accepted 
values for elemental composition. 
2. Studies On The Effects of Salts on Respiration 
a. Effects of NaCl and KCl on old and young cells: 
The effects of sodium chloride and potassium chloride on old 
and young cells are shown in Figures 53, 54, 55, and 56. For 
comparative purposes the oxygen uptake for each study as a 
percentage of the control is given in Table IIIo In general 
as the salt concentration increased the accumulated oxygen 
uptake decreased, and potassium chloride adversely affected 
the oxygen uptake less than sodium chloride. T.he salts had 
less effect on acclimated cells than on non-acclimated cells 
and old cells were affected less than the young cells. In 
studies on the effects of salts on old cells acclimated to 
30,000 mg/1 sodium chloride (Figure 54), it was found that 
a salt concentration of 15,000 mg/1 very slightly increased 
the oxygen uptake. 
o o Control 
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11 11 30,000 mg/1 NaCl 
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FIGURE 53 EFFECTS OF NaCl AND KCl ON OLD CELLS NOT 
ACCLIMATED TO NaCl OR KClo 
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TABLE III 
COMPARATIVE OXYGEN UPTAKE 
-·· 
Oxygen Uptake as Percentage of Control 
Salt Old Cells Old Cells Young Cells Young Cells 
Concentration Not Acclimated Not Acclimated• 
mg/1 Acclimated" 30,000 mg/l Acclimated 30,000 mg/l 
Na.Cl NaCl 
NaCl 
15,000 77 ··102 71 94 
30,000 5~o5 8905 26o5 66 
50,000 34o5 78 8 36 
KCl 
15,000 79o5 102 73o5 95 
30,000 68 96o5 l+o 80 
50,000 49 88 13 50 
Combinations 
15,000 NaCl 
50,000 KCl 
36 (38)* 73 (90) llo5 (9o2) 32 (47) 
30,000 NaCl 34o5 (36) 75o5 (86) 
30,000 KCl 
12 (16) 29 (53) 
50,000 NaCl 26 (27) 620 5 (81) 9o5 (5o9) 23 (3l+) 
15,000 KCl 
* Figures in parenthesis indicate the expected percentage 
oxygen uptake calculated from the effect of each salt 
taken separatelyo ioeo, for 15,000 NaCl+ 50,000 KCl, 
Oo 77 X 0)+9 :=: Oo38o • · · 
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It is also of interest to note in Table III that when the 
systems were fed combinations of sodium chloride and potassium 
chloride the effect of the two salts on cells not acclimated 
was a summation of the effects of the two salt concentrations 
taken separatelyo However, for cells acclimated to 30,000 mg/1 
sodium chloride the effect was much more severe than the 
ex pee ted ef feet when consi.dering the combined effect of each 
salt concentration taken separatelyo 
bo Comparison of the effects of NaCl on old cells 
and cells transferred several times in NaCl-free medium: 
Figure 57 compares the effect of sodium chloride on cells from 
an old cell sodium chloride unit at 30,000 mg/1 and an old 
cell fresh water unit after both had been transferred five 
times in fresh water medium and allowed to grow up for 24 
hours after each transfero It is seen that there was essen-
tially no difference in the oxygen uptake of the two systemso 
A sodium chloride concentration of 15,000 mg/1 slightly in-
creased the oxygen uptake, whereas greater concentrations 
depressed the oxygen uptakeo 
A more comprehensive study was then made to compare the 
oxygen uptake before and after transfer.so Figure 58 shows 
the effects of sodium chloride on old cells acclimated to 
30,000 mg/1 sodium chloride before being transferred and 
Figure 59 shows the effects of sodium chloride on old cells 
from a fresh water unit before being transferred. It can be 
seen that there was a considerable degree of difference in 
the oxygen uptake characteristics of the two systemso The 
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rate of oxygen uptake was much less for the fresh water cellso 
In the acclimated cell studies a sodium chloride concentration 
of 15,000 mg/1 stimulated the oxygen uptake and concentrations 
o.f 30~000 mg/1 and 50,000 mg/1 yielded a slight depression of 
oxygen uptakeo Figure 60 and 61 show the same systems after 
being transferred seven times in fresh water mediumo From 
these figures it can be seen that there is essentially no 
difference in the effects of sodium chloride on the two systemso 
The rate of oxygen uptake in the old cell sodium chloride unit 
is still a little greater than in the old cell fresh water 
unito All three concentrations of sodium chloride depressed 
the :rate of oxygen uptakeo The effect of the transferring is 
further borne out by the Qo 2 of the systemso These are given 
in Table IVo It is noted that in general the Qo2 values were 
TABLE IV 
~c,, (mg02/hr/mg sludge) FOR. CELLS 
c;. 
BEFORE AND AFTER TRANSFER OPERATION 
Before Transfers After Transfers 
·-
-~~-----,-.-,-;..._;,; ____ ,_______ _ 
Na.Cl Cono NaCl Un1.t Ff~.§1P. Water _____ NaCl Unit t:r.~_§h Water 
mg/1 cfo2 Percent ~O,, Percent Qo Percent Qo2 Percent 
Control 
15siOOO 
301000 
50,000 
99 
111 
92 
84 
of ~ of 2 of of 
Control Control Control Control 
112 
93 
85 
84· 
63 
4.9 
28 
75 
58 
33 
155 
l.36 87 
98 63 
li-l+ 28 
143 
114 73 
78 55 
39 27 
,1---------4-..........JI----_.,_--"-----·-'"'---.__ _____ -~··------
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higher after the transfers than before indicating that the age 
of the cells have an affect on the rate of oxygen uptakeo 
After the seven transfers the cells would be classified as 
young cells, whereas before tt~ transfers they were classified 
as old cellso It is also of interest to note that even though 
the Qo2 values were higher after the transfers~ the Qo values 2 
for the sodium chloride unit when represented as a percent of 
the control are a great deal less after the transfers than 
beforeo Howeverj the Qo2 values represented as a percent of 
the control are approximately the same for the fresh water unito 
Co Effect of degree of acclimation to NaCl on 
respiration: The effects of sodium chloride on cells grown 
up for 4.S hours from a sewage seed in a medium containing 
30,000 mg/1 sodium chloride are shown in Figure 620 Also$ the 
effects of sodium chloride on eel.ls from this same unit after 
being allowed to grow for 18 hours after being transferred 
seven times in a 30,000 mg/1 sodium chloride medium are shown 
in Figure 630 It is seen that the sodium chloride had a much 
more deleterious effect on the oxygen uptake a.fte:r the trans= 
fers than before., It is important be.re to remember that the 
cells were harvested after l+8 hours growth in the first case 
and after only 18 hours in the latter caseo The cells grew 
very slowly in 30,000 mg/1 sodium chloride and approximately 
l+4 to 1+6 hours we:re required to reach the end of the log growth 
phaseo Thus, the cells harvested at 48 hours were harvested 
after the log growth phase, but the cells harV.ested at 18 hours 
were harvested during the log growth phase o When cells a.re 
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grown in high salt concentrations, it appears that the growth 
phase in which they are harvested has a great deal to do with 
their rate of oxygen utilization, even more so than the degree 
of acclimationo 
3o Lysis Studies 
ao Change in degree of lysis when cells grown in 
45,000 mg/1 sodium chloride are placed in various concentrations 
of sodium chloride: The effects of placing cells grown in 
45,000 mg/1 sodium chloride in lower sialt co.ncentrations, and 
in fresh water are shown in Figure 64-Ao The release of COD 
and the decrease in biological solids were measured as indi-
cators of the degree of cell lysiso The maximum concentration 
of released COD and the maximum decrease in solids occurred 
when the cells were placed in medium which contained no added 
sodium chlorideo At the cell concentration employed (1150 
mg/1), the maximum amount of COD released was 705 mg/lo It 
is seen that 10,000 mg/1 was the critical salt levelo Above 
and below this value the degree of lysis remains proportional 
to the change in salt concentration, but lysis was not severe' 
when the cells were placed in salt concentrations above 
10,000 mg/lo 
bo Change in degree of lysis when cells grown in 
various concentrations of sodium chloride are placed in fresh· 
water: Figure 64-B shows changes in COD and biological solids 
when young cells grown in various concentrations of sodium 
chloride were placed in fresh water mediumo At the cell con-
centration used in the study (555 mg/l), the maxi.mum COD 
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released was 90 mg/1" Thi.s was for cells grown in 45, 000 mg/1 
sodium chlorideo It is seen that, in general, there was a 
linear relationship between the change in salt concentration 
and the degree of lysiso It is interesting to note that the, 
maximum concentration of COD released in these studies was not 
solely a function of cell concentrationo For example, under 
the experimental conditions employed for the study shown in 
Figure 64-A, 705 mg/1 of COD were released when 1150 mg/1 of 
sludge developed at 45,000 mg/1 sodium chloride were placed in 
fresh water .. However, when 555 mg/1 of young cells harvested 
shortly after the log phase of growth in 45,000 mg/1 sodium 
chloride were placed in fresh water (Figure 64-B) only 90 mg/1 
of COD were releasedo These results suggest that the physio-
logical condition of the cells exerts some control over the 
degree of lysiso 
4o Change in System Parameters When Sludge is Acclimated 
to 45,000 mg/1 Sodium Chloride and Then Transferred 
Through A Linear Gradient to Fresh Water 
It was of interest to determine the response of cells 
acclimated to 45,000 mg/1 sodium chloride when they were trans= 
ferred to a fresh water environment under non- shock-loading 
conditionso To accomplish such transfer, the salt-grown cells 
were harvested and the salt concentration was gradually reduced 
to fresh water using a linear gradient mixing deviceo Under 
these conditions there was no evidence of lysiso Using the 
transferred cells, a study was made to assess their substrate 
removal efficiency; the :results of this study are shown in 
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Figure 650 The biochemical response as measured by COD and 
glucose removal, oxygen uptake, and sludge production is in 
general comparable to the response of acclimated cells grown 
in medium containing 45,000 mg/1 sodium chloride (Figure 23)o 
Thus, it appears that the sludge has approximately the same 
response in fresh water as it has in a salt mediumo 
5o Studies on Diphasic Growth 
ao Changes in system parameters during long term 
aeration studies: Figure 66 shows the variations in biochemi-
cal parameters of a sludge acclimated to 45,000 mg/1 sodium 
chloride and then shock-loaded with a fresh water mediumo !t 
is seen that the fresh water shock caused a considerable amount 
of lysis in that the initial glucose concentration was only 
360 mg/1, whereas the initial COD concentration was 1070 mg/lo 
It is interesting to note that after the .removal of the glu-
cose there was a break in both the solids curve and the oxygen 
uptake cu.rveo After all glucose had been .removed there re-
mained 820 mg/1 of CODo The COD concentration remained at 
this level for some time before it was .removed by the systemo 
Also, as the system started to remove the remaining COD the 
solids and oxygen uptake began to increase 13.gaino An apparent 
acclimation period was required after glucose removal before 
. 
th~ remaining COD could be metabolized by the sludgeo 
bo Effect of chloramphenicol on system parameters~ 
Chloramphenicol, an inhibitor of protein synthesis, was employed 
to study the possibility that new enzyme(s) must be synthesized 
before the material .released due to cell lysis could be meta-
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bolized. It was intended to block protein synthesis in the 
system before the enzyme(s) could be synthesized. 
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Chloramphenicol was added to the system 30 minutes after 
the substrate (glucose) was added to give a final concentra-
tion of 100 mg/1. Figure 67 compares the effects of chlor-
amphenicol with a control systemo It is seen that the oxygen 
uptake, solids production, and COD removal were blocked by the 
chloramphenicol after the glucose was removed, whereas the con-
,, 
trol system after a short acclimation period effectively re-
moved the remaining COD with a high increase in solids and a 
high rate of oxygen uptakeo 
Figure 68 shows the effects of chloramphenicol on protein 
synthesis. It is seen that protein for both sludges decreased 
during the initial lysis period and both increased after the 
lysis was completed. The chloramphenicol unit eventually in-
creased only to a level equal to that before lysis, whereas 
the control increased to a level 60 percent greater than the 
initial value. A definite inhibition of protein synthesis is 
observed. It can also be seen that the chloramphenicol was not 
effective as a protein inhibitor until after two and one-half 
hours of aeration. It may be that during lysis the cells are 
unable to take up the chloramphenicol, thus imparting a delayed 
action. However, the required enzyme system was not induced 
until after three and one-quarter hours of aerationo This is 
indicated by the COD removal curve for the control system 
(Figure 67). Thereforej the delayed action of the chlor-
amphenicol was of no consequence. 
CHAP~R VI 
DISCUSSION 
1. Biochemical Responses 
From the results of this study it can be seen that high 
concentrations of sodium chloride cause a decrease in the rate 
of substrate removal. This is true for both shock loads and 
long term exposures. A fresh water sludge shocked with sodium 
chloride concentrations up to and including 30,000 mg/1 could 
remove all COD in a reasonable period of time. A shock load 
of 45,000 mg/1 sodium chloride caused a much more deleterious 
effect on the sludgeo Severe impairment of system efficiency 
ensued when an ''old'' fresh water sludge was shocked with 
45,000 mg/1 sodium chloride (Figure 32)o 
It is interesting to note that fresh water sludges could 
acclimate to sodium chloride concentrations up to and includ-
ing 15,000 mg/1 with no apparent change in the biochemical 
response of the sludgeo At sodium chloride concentrations of 
18,000 mg/1 and 22,500 in.g/1 the substrate removal rate was 
decreased somewhat, but a definite stimulation of oxygen up-
take and solids production was observedo Sludges developed 
in higher salt concentrations (45jOOO mg/1 NaCl) in general 
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removed COD at a slower rate than did sludge developed in 
fresh water and there was a grea te:r tendency for the ''high 
salt" sludge to :release metabolic intermediates or end products 
during glucose metabolism than was found for sludge developed 
in fresh water .. 
It can also be seen from this study that sludges developed 
'in waters with low salt content can withstand shock-loadings 
of high sodium chloride concentration somewhat better than 
sludges developed in high salts medium can withstand a 
rapid decrease in salt concentrationo The results shown in 
Figure 9 indicated approximately 30 percent decrease in sub-
strate removal efficiency when a fresh water sludge was dosed 
with 30,000 mg/1 of sodium chloride; however, when an activated 
sludge acclimated to 30,000 mg/1 sodium chloride was dosed with 
fresh water medium (Figure 29), substrate removal efficiency 
was reduced by approximately 75 percent~ At the 45,000 mg/1 
salt level severe impairment of system efficiency ensued when 
fresh water sludge was shocked with salt (Figure 10):) and 
nearly total destruction of efficiency was observed when sludge 
acclimated to 45jOOO mg/1 salt was subjected to fresh water 
medium (Figure 30)o 
An interesting :result of the study which is not shown in 
the figures is the change which occurred in the settling 
characteristics of the sludgeo In two separate studies, 
sludges developed at either 30,000 mg/1 or 45jOOO mg/1 sodium 
chloride were dispersed systems practically devoid of any 
flocculating tendencyo However, this does riot appear to be a 
! 
1>+2 
general characteristic of sludges developed in high salt con-
centration since in one previous study the system did floccu-
late at sodium chloride concentrations ... of 30,000 mg)l and 
>+5,000 mg/1. In all three cases the biochemical response of 
the sludge was the sameo 
2. Effects of Sludge Age 
From the results of this study it.can be seen that the 
responses of the old sludge to high concentrations of sodium 
chloride are quite different from those of young sludgeso 
Under shock load conditions the substrate removal efficiency 
of the young sludge (Figures 31 and 32) was much more severely 
impaired than that of the old sludge (Figures 9 and 10). In 
fact, at a concentration of 45,000 mg/1 salt the efficiency of 
the young sludge was completely destroyed. It is true that 
under long term exposure conditions there was very little 
difference in the response of old and young sludges (Figures 23 
and 35), indicating that the young sludge could acclimate to 
high salts as satisfactorily as the old sludge but could not 
withstand the initial shock as well as the old sludge (Figures 
10 and 32). 
In studies to determine the effects of salts on the rate 
of respiration, it was found that young sludges had a higher 
Q02 than the old sludges (Table IV), indicating a greater 
activity for the young sludges. Levine and Soppeland (7) 
found in their studies that the bacterial cultures exhibiting 
the most activity were most affected by increasing salt con-
centrations. Komolrit (57) reported that glucose was not 
readily degradable by either sorbitol- or mannitol-acclimated 
old sludges but was degradable by a similarly acclimated young 
sludge. ,Komolrit felt that glucose permease, required by the 
cells for glucose uptake, or an initial enzyme step required 
to bring glucose into the Embden-Meyerhoff-Parnas pathway was 
absent in the '.)ld cell sludge and had to be inducedo His 
work thus showed that under organic shock loads also, young 
and old sludges respond differentlyo 
A possible reason why old and young sludges respond 
differently to a salt shock may lie in the amount of dispersion 
exhibited by each sludgeo The young sludges are completely 
dispersed systems, whereas the old sludges form floe particles 
and have a low degree of dispersiono If the sodium chloride 
does not penetrate the cell then the action of the salt must 
be upon the structure or function of the cell surface, or 
through osmotic damage to the cello If the salt does penetrate 
the cell then the action would be an interference with metab-
olismo In either case, the old cell existing in floe particles 
would have less exposed surface area than the dispersed young 
sludgeo Therefore, the old sludge would have some protection 
from the action of the salt, whereas the young sludge would be 
fully exposedo It is interesting to note that one effect of 
the shock loading of 30,000 mg/1 was the dispersion of the 
floe particleso This is shown by comparing the photomicro-
graphs in Figures 11 and l4o 
The explanation just presented does not offer any sug-
gestion as to why a more active organism is affected more 
severely by sodium chloride than a less active organism when 
both are dispe~sedo An explanation of this could be that the 
permeability of organisms varies with their activity., The 
more active the organism the more permeable the cell membraneo 
Thus, the more active the organism the greater the permeability 
of the salt into the cell which may then interfere with some 
metabolic processo The problem can not be fully resolved 
until the question "Does salt penetrate into the cells and to 
what degree?'1 is answered o 
The role of sludge age in the response of the biomass 
to high sodium chloride concentrations is further emphasized 
when the biochemical responses of sludges from the continuous 
flow units are consideredo It was observed in these studies 
that the deleterious effect of the salt fell between that 
observed for a young sludge and an old sludgeo In the con-
tinuous flow studies a detention time of eight hours was 
employedo This produced a sludge with an age that must be 
classified somewhere between a young and old sludgeo The 
effect of sludge age is especially important when considering 
the types of waste treatment being employeda Most conventional 
activated sludge plants in operation today employ longj rectan-
gular ae:ra tion tanks in which ''plug 11 flow tends to occur o How-
ever, completely mixed aeration tanks are becoming more popular 
as a means of treatment and will undoubtedly become even more 
popular in the futureo In both types of activated sludge 
sys terns some degree of engineering control of slttdge age can 
be obta.ined by varying the detention time and the volume and 
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concentration o:f recycl~d. sludge •. Thll:S, the effect. pf the 
sodium chloride on the system will vary in accordance with 
operational procedures which promulgate the development of 
older or younger sludgeso Therefore from these studies it 
seems apparent that the sludge age that is to be maintained 
in the aeration tank must be considered when employing an 
activated sludge system to treat wastes containing high con-
centrations of sodium chlorideo 
3. Effects on Respiration 
From the results of the studies on respiration it can be 
seen that in general as the salt concentration increased the 
accumulated oxygen uptake decreasedo In cases where an old 
sludge had been acclimated to sodium chloride, a salt concen-
tration of 15,000 mg/l stimulated the oxygen uptakeo This 
was true for both sodium chloride and potassium chloride. 
There was very little difference between the effects of sodium 
chloride and potassium chlorideo Sodium chloride did depress 
the oxygen uptake slightly more than potassium chlorideo It 
was also observed that the acclimation to sodium chloride was 
not permanent. After an acclimated sludge had been trans-
ferred seven times in fresh water medium, the sludge had com-
pletely lost its increased ability to withstand a sodium 
chloride shock (Figures 58 and 60). It is also interesting 
to note that the growth phase at which the sludge was harvested 
had a pronounced effect on its ability to adjust to the salt 
shock. The activity of cells harvested during the log growth 
phase (Figure 63) was much more severely retarded than that of 
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cells harvested shortly after the log growth phase (Figure 62)o 
This finding agrees very well with Doudo:roff 1 s (15) work with 
It seemed apparent from batch unit studies that a change 
in the ratio of respiration to synthesis occurs at high con-
centrations of sodium chlorideo In order to analyze this 
effect more thoroughly~ the percentage of substrate respired 
with incr~asing aeration time is shown in Figure 69, and the 
ratio of respiration to synthesis for various sodium chloride 
concentrations is shown in Figure 700 These parameters were 
determined using the data from the batch unit studies (Figures 
4 to 23). 
The percentage of substrate respired was determined by 
first converting the accumulated oxygen uptake at various time 
periods to the amount of substrate respired using the stoichio-
metric relation: mg/1 oxygen x tij~ = mg/1 substrate respiredo 
This was then divided by the concentration of substrate re-
moved during the various time periods. Figure 69 shows that 
in all cases the percent substrate respired increased with 
time. The rate of increase under conditions of long term 
exposure at 30,000 mg/land 45,000 mg/1 sodium chloride was 
slightly less than the other caseso It is interesting to note 
that after one hour of aeration 21 percent of the substrate re= 
moved was channelled into :respiration in the 45,000 rng/1 unit 
while in the control only appro.xim.a tely nine percent was 
channelled into respi:rationo After six hours the portion 
:respired was 32 percent for the high salt system and appro.xi-
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mately 26 percent for the control. A long term exposure to 
7,500 mg/1 sodium chloride or shock conditions had very little 
effect .on the percent substrate respiredo 
Figure 70 clearly shows a change in the ratio of respi= 
ration to synthesis at high concentrations of sodium chlorideo 
The ratio of respiration to synthesis was determined at the 
.point of maximum. solids productiono The amount of substrate 
respired was determined as previously described, and then 
divided by the increase in biological solids. For the control 
systems a constant ratio of Oo22 was maintained throughout the 
investigation. For shock exposure, the ratio of respiration 
.. 
to synthesis for a sodium chloride concentration of 5,ooo mg/l 
was 0.19 and the ratio remained at this value up to the 10,000 
mg/1 salt level. At a concentration of 12,000 mg/1 the ratio 
increased to 0.26 and then decreased linearly to a value of 
0.22 at 45,000 mg/1 sodium chloride. In the long term exposure 
study the ratio of respiration to synthesis was decreased at 
sodium chloride concentrations of 5,000 mg/l to 18,000 mg/lo 
At higher concentrations the ratio was sharply increased to a 
value of 0.80 at .;a sodium chloride concentration of 45,000 mg/lo 
These results show that sodium chloride causes a change in the 
biological population that results in greater use of the sub-
strate for growth at lower salt concentrations and a greater 
use of the substrate for respiration than for sludge synthesis 
at higher salt oqncentrationso These changes that occur in 
the biotogical population will be discussed in greater detail 
later. 
The significance of the change in the ratio of respiration 
to synthesis to plant operation is that as the ratio is in-
creased more of the substrate is channelled into respiration, 
and less into synthesiso This means that less sludge will be 
produced and in turn a problem of maintaining the proper solids 
• < 
concentration in the aeration tank may be encounteredo 
In analyzing the accumulated oxygen uptake curves obtained 
from both the long term exposure and shock load studies, it 
was observed that at high sodium chloride concentrations the 
maximum rate of oxygen uptake occurred later than in the controlo 
To verify this observation, the variation in the rate of oxygen 
utilization with time of aeration was determined and is shown 
in Figure 7lo The rate of oxygen utilization was obtained by 
determining the slope of a line drawn tangent to a point on 
the accumulated oxygen uptake curve, calculating the oxygen 
used for one hour at this rate and dividing by the total weight 
of solids at that pointo 
From Figure 71 it can be seen that there is essentially 
no difference in the rate of oxygen utilization in the control~ 
' long term unit, or shock load unit at a sodium chloride con-
centration of 8,000 mg/lo Also, at 30,000 mg/1 sod1um chloride , 
there is no difference in the time pattern of the rate of 
oxygen utilization between the control and shock load unit, 
but there is a shift in the location of the point of maximum 
oxygen utilization for the long term unito Here the maximum 
rate of oxygen utilization has very definitely been,moved 
further along the time scaleo At ~5~000 mg/1 sodium chloride 
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there is a shift in the point of maximum oxygen utilization 
for both long term exposure and shock load conditionso It 
should be noted that the oxygen utilization at six hours, 
which would be equivalent to the effluent end of the aeration 
tank in plug flow systems, is still fairly high, almost three 
times greater than the control for the long term studies and 
three and one-half times greater for shock load studieso In 
all cases the control exhibited a high initial oxygen uptake 
rate which in no more than two hours began to decrease rapidly 
to the final endogenous levelo 
The shift in the point of maximum oxygen utilization 
could be a very important consideration in aeration tank 
designo In the waste treatment field purification of a waste 
is thought of in terms of BOD removal or COD removalo In 
using these terms the primary interest is in the total oxygen 
required to stabilize a particular waste, but it is also impor=· 
tant to determine the distribution of the oxygen demand in the 
aeration tank in order to design the aeration systemo Oxygen 
must be supplied at a rate equal to or greater than the rate 
of utilization or the treatment efficiency will be impairedo 
In the long, rectangular aeration tanks used in conventional 
activated sludge processes, the oxygen uptake rate varies with 
time of aeration as the sludge passes through various growth 
phases. If the ratio of BOD or COD to biological solids is 
low, the initial rate of oxygen utilization rapidly decreases 
to a low, relatively constantj rate which is considered to be 
the endogenous level. If the BOD or COD to solids ratio is 
152 
high, the initial rate of oxygen utilization tends to be main-
tained at a high level for some time before it falls off 
rapidly to the endogenous levelo. This distribution of the rate 
of oxygen utilization has been verified in the field and has 
been reported by several investigators (67, 68, 69)o The 
ntapered aeration process", which has become a widely adopted 
method for arranging diffuser tubes in conventional activated 
sludge systems, is based upon this principleo 
This analysis has shown that the location of the point of 
maximum rate of oxygen utilization is moved further down the 
aeration tank when a system is subjected to high concentrations 
of sodium chlorideo These results indicate that if an existing 
treatment plant employing tapered aeration were called upon to 
treat a high sodium chloride waste, the efficiency of the treat= 
ment process could be greatly reducedo Tapered aeration designed 
for normal wastes would not supply oxygen at the optimum rate 
and location required for efficient operationo 
It can be seen from the results of this study that con-
tinuous flow, s tead.y-s ta te systems can in general withs ta.nd a 
gradual shock-loading of high concentrations of sodium chlorideo 
A gradual shock load of 30,000 mg/l sodium chloride (Figure 36) 
caused an initial decrease in system efficiency but the system 
recovered within two days to yield a COD removal slightly 
better than before the shocko It is also interesting to note 
that the sludge did not acquire a permanent acclimation to 
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sodium chlorideo As soon as the continuous flow unit was again 
fed a fresh water waste, the acclimation to sodium chloride was 
losto This is shown in Figure 380 The efficiency of a sludge 
harvested after the continuous flow unit had been fed a fresh 
water waste was very seriously retarded when the sludge was 
shocked with 30,000 mg/1 sodium chlorideo 
A gradual shock loading of 45,000 mg/1 sodium chloride 
(Figure 40) caused an initial decrease in system efficiency 
and approximately six days were required for recoveryo It is 
interesting to note that this recovery was not permanent; 
instead the system os.cila ted between low solids-high effluent 
COD and high solids-low effluent COD conditionso The bio-
chemical responses of these sludges at these different con-
ditions varied noticableablyo The sludge corresponding to 
high solids-low effluent COD (Figure 49) was much more efficient 
than the sludge corresponding to low solids-high effluent COD 
(Figure 48) conditionso When the system was returned to a 
fresh water waste a much more deleterious effect was observed 
than when the sludge was shocked with sodium chlorideo This 
helps to confirm the findings during the batch unit studies 
that sludges developed in fresh water are less drastically 
affected by a slug dose of salt than is a sludge developed in 
high salt concentration by a rapid change to a fresh water 
environment" 
One interesting aspect of the continous flow studies was 
the confirmation of the observation in batch studies that low 
sodium chloride concentrations stimulate the production of 
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biological solids during glucose metabolism. Figure 50 shows 
that the biological solids in the continuous flow unit were 
increased by 80 percent when subjected to a sodium chloride 
concentration of 8,000 mg/lo This increase in solids was 
maintained throughout the period that the unit was subjected 
to the salt wasteo This provides evidence that the stimulation 
was not temporary but would be maintained as long as the unit 
was subjected to the salt wasteo 
One aspect of this study that is not evident from the 
results presented is that the response of a continuous flow 
system to high concentrations of sodium chloride depends upon 
the nature of the biological population at the time of the 
shock. Another continuous flow unit was operated to obtain 
photomicrographs of the sludgeo The biological solids before 
the shock loading were at approximately the same level as the 
other continuous flow units. The unit was gradually shock 
loaded with 45,000 mg/1 sodium chlorideo Forty-eight hours 
after initiation of the shock loadingj the efficiency of the 
system was completely destroyedo The other unit was not 
affected nearly as severely as this. This indicates that the 
biological populations of the two systems were different and 
had different tolerances to sodium chloride. The fact that 
the predominating species in a continuous flow unit will change 
spontaneously is further borne out by the biochemical response 
of the batch unit control systems. Figures 37, 38, 45, 46, 
and 47 show the biochemical responses of sludges harvested 
from a continuous flow unit receiving a fresh water waste. 
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The biochemical responses of the control units for each of 
these studies are different as indicated by the figures, thus 
pointing out that a change in predominating species had 
occurred. Novich and Szilard (71, 72) observed spontaneous 
mutations in the chemostat when tryptophan, ammonium chloride, 
phosphate, or lactate was used as the controlling growth factor. 
This led to the observation that if a bacterial strain is grown 
over a long period of time in the chemostat a mutant might 
arise which grows faster under the prevailing conditions than 
the parent straint If this happens, practically the entire 
bacterial population in the chemostat will change from the 
parent strain to the new straino In the continuous flow studies 
discussed here a heterogeneous population (sewage seed) was 
employed which provides an excellent opportunity for a change 
in predominating specieso In light of these facts, it 'is very 
difficult to predict the effect of high salts concentration on 
a continuous flow system unless the character of the biological 
population can be controlledo Indeed, this is an area for 
future work. 
A significant response to rapid changes in salt concen-
tration was the immediate release of cellular constituents as 
evidenced by an increase in soluble COD and a decrease in 
biological solids. These findings may explain the negative 
BOD reduction reported by Lawton and Eggerts(24), and the 
reduction in weight of organisms reported by Stewart, Ludwig, 
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and Kearns (25), which ensued following a change from ocean 
water to a fresh water waste. In studies specifically designed 
to assess the degree of lysis in response to rapid changes in 
salt concentration (Figures 64-A and 64-B) it was found that 
cells grown in 45,000 mg/1 salt underwent some degree of lysis 
when placed in lower concentrations of sodium chloride, but 
when they were placed in concentrations below 10,000 mg/1 
there was a drastic. increase in the degree of lysis (Figure 
64-A). When cells grown in various levels of salt concen-
tration were placed in salt-free medium, the degree of lysis 
was approximately linear with salt concentration in the original 
growth medium. From the data obtained it appears that cells 
grown in salt concentrations between 5,ooo and 10,000 mg/1 do 
. 
not undergo a considerable amount of lysis when placed in 
fresh water. It is interesting to compare the degree of lysis 
for equal changes in salt concentrations under both test con-
ditions. For example, in Figure 64-A it was seen that when 
old cells grown in 45,000 mg/1 salt were placed in 10,000 mg/1 
sodium chloride, representing a decrease of 35,000 mg/1, there 
was approximately a 12 percent decrease in optical density~ 
whereas when young cells grown in 30,000 mg/l sodium chloride 
were placed in fresh water there was a decrease in optical 
density of nearly 30 percent (Figure 64-B). Thus it would 
appear that a relative change from a high to a low concentra-
tion of salt is not as significant in regard to cell lysis as 
is a smaller decrease involving a ehange to fresh watero The 
difference in degree of lysis in the two oases mentioned above 
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is made even more significant by the fact that young cells 
showed less tendency to lyse when both types of cells were 
treated in the same way, i.e., when salt concentration was 
reduced from 45, 000 mg/l to zero o Therefore, it seems apparen·t 
I 
that three factors are involved in determining the degree of 
lysis, i.e., age of cells, magnitude of change in salt con-
centration and final salt concentration into which the cells 
are placedo Other factors being equal, the change into salt-
free medium appears to exert the most pronounced effecto 
Another significant aspect ·is the diphasic growth that 
occurred following lysis. In Figure 66 it was seen that a 
plateau in oxygen uptake and cell growth was generated be-
tween the time when all glucose had been removed and the time 
when the remaining COD was metabolized. The first stage was 
due to the metabolism of the glucose substrate and the second 
stage was due to the metabolism of the cellular components 
released during lysiso The second stage cannot be attributed 
to protozoa because microscopic examinations were made and no 
protozoa were observed in the systemo The occurrence of this 
diphasic growth suggests that a new enzyme or enzyme system is 
induced during the plateau period between the two phaseso 
This is further borne out by the chloramphenicol.studies 
reported in Figure 670 The blocking of protein synthesis by 
chloramphenicol before the total removal of glucose completely 
prevented the occurrence of the second-stage growtho Bhatla 
(70) reported the occurrence of diphasic oxygen uptake for a 
pure cultureo This dipha.sic oxygen uptake was due to the 
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secondary metabolism of volatile acids released as intemediates 
during glucose metabolism. He suggested that the diphasic 
growth of the pure culture was due to one of the following: 
(l) The volatile acid-utilizing system is an induced 
enzyme system and the formation of the required enzymes is 
repressed by glucoseo 
(2) A transport enzyme (a permease) must be synthesized 
before the volatile acids can be brought into the cell and it 
is repressed in the presence of glucoseo 
It appears that one of these explanations would also explain 
the diphasic growth observed with lysed cells, except that 
instead of volatile acids cellular constituents are involvedo 
However, it must be pointed out that when a fresh water 
sludge was shock loaded with 45,000 mg/l sodium chloride 
(Figure 10) an osmotic lysis occurred and in which the lysed 
cellular material was removed before the glucose. In this 
case, the medium contained a high salt concentration whereas 
other systems in which diauxie was observed were fresh water 
systems. A possible answer to why the cells used the lysed 
material before the glucose could be that the presence of the 
salt inhibited glucose metabolismo The role of the salt in 
this occurrence has not been investigatedo A second possible 
explanation is that the material released in the two situa-
tions may be entirely different in compositiono A shock of 
high salt would tend to damage the cell membrane rather than 
cause a complete burst of the cell, whereas the reverse would 
be true for a fresh water shocko Thus, probably in the salt 
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shock the material released would be some readily metabolized 
compounds from the cellular pools. Furthermore as shown in 
Table II the biochemical composition of cells grown in fresh 
water and cells grown in high concentrations of sodium chloride 
are drastically different and material released might there-
fore be quite differentj thus leading to an entirely different 
response. 
The changes in protein and carbohydrate content of the 
cells (Figure 51) offer some insight into the effect of sodium 
chloride on the composition of the sludgeo It was seen that 
at the 30,000 and 45,000 mg/1 salt levels the carbohydrate and 
protein content of the cells was approximately half that of 
cells grown at either 12,000 mg/1 salt or in fresh watero The 
analysis shovm in Table II indicates that the decrease in 
carbohydrate and protein content was made up in part by an 
increase in lipid and RNA of the salt-grown cellso It is 
interesting to note that such drastic differences in biochemi-
cal composition were not reflected in the elemental composition 
(C-H-N)o This finding itself seems very significant since on 
the one hand it indi.ca tes that the elemental composition, and 
the empirical formula which can be derived therefrom, offers 
no clue as to the biochemical compositionj and on the other 
hand it indicates that the elemental composition of cells is 
a fairly constant value regardless of the biochemical composi-
tion. The difference in the biochemical composition of the 
sludge seems so great as to indicate that the differences in 
biochemical behavior between sludges acclimated to high salt 
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concentration and those grown in fresh water may not principally 
be due to the effect of sodium chloride on a particular sludge, 
but to the selection of species which can proliferate in high 
salt concentrationo This tentative conclusion is supported by 
the results of the linear gradient study in which sludge accli-
mated to 45,000 mg/1 sodium chloride was placed in fresh water 
under conditions which prevented the osmotic shock leading to 
cell lysis (Figure 65)o Comparison of the results shown in 
Figure 23 and Figure 65 indicate that the substrate removal, 
oxygen uptake, and sludge growth patterns are similar for 
sludge acclimated to 45,000 mg/1 salt, regardless of whether 
the cells are growing in a high salt concentration or salt-
free environ.mento Thus the response is adjudged characteristic 
of the sludge, not of the presence of sodium chlorideo 
The p~otomicrographs add further support to the theory 
of selection of specieso In the long term batch activated 
sludge studies it was observed that the sludge from a fresh 
water unit consisted of large floe particles together with 
bacteria, protozoa, and fungi (Figure 11), whereas a sludge 
from a unit under long term exposure to 45,000 mg/1 sodium 
chloride consisted of very dispersed organisms, mainly single 
cell cocci (Figure 26)o There were very few predators present 
in the sludgeo Thus there was a very definite change in the 
morphological characteristics of the sludgeo The sludge in the 
continuous flow unit before being shocked with sodium chloride 
consisted of dispersed single cell cocci and rod~ some chains, 
and protozoa (Figure 4l)o After acclimation to 45,000 mg/1 
161 
sodium chloride the proportion of cocci to rods increased and 
the cells were generally smaller (Figure 42)o When the system 
reached steady-state conditions after being returned to a fresh 
water waste the sludge consisted of short chains of cocci and 
rods and diplococci (Figure 44)o Again there was a very defi-
nite change in the morphological characteristics of the sludgeo 
It was observed in Figure 9 that a shock load of 30,000 mg/1 
sodium chloride had very little effect on the response of the 
system. An examination of the photomicrograph of a sludge 
shocked with 30,000 mg/1 sodium chloride (Figure 14) reveals 
that there was no morphological change in the sludge. The 
effect of the salt was to disperse the sludge but there was 
no apparent change in the bacteriao 
Therefore,, based upon the difference in biochemical 
composition of fresh water sludge and high salt sludge, the 
linear gradient study, and the change in morphology of the 
sludge as shown by the photomicrographs it is concluded that 
the effect of sodium chloride on an activated sludge, which 
consists of a heterogenous population, is to foster the 
selection of species that can proliferate in high sodium 
chloride concentrationso Many investigators in the micro-
biological field have observed that different species have 
different tolerances to salts; therefore it does not seem 
unreasonable that in a heterogenous population only those 
species that can tolerate the salt concentration under study 
will survive. In making this conclusion the author does not 
mean to imply that sodium chloride does not have a bio-
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chemical effect on microorganisms, but only that the effects 
observed on a heterogenous population seem to be due primarily 
to the selection of species which possess the characteristics 
observed in biochemical studies. 
The author feels very strongly that sodium chloride does 
have a biochemical effect on individual microbial cells. Indeed 
such biochemical effect may provide the selective pressure on 
a mixed population which causes changes in predominance. It is 
suggested that the biochemical effect could be due to one or 
both of the following: 
(1) The uncoupling of oxidative phospho:rylationo On 
the basis of what is known about other :respiratory chain systems, 
it could be reasoned that uncoupling does take placeo In 
fact, Smith (~2) has suggested that uncoupling may be an effect 
of salt but has. pointed out the difficulty of studying this 
problem. The coupling of respiration to phosphorylation in 
many bacteria seems to be quite labile in that it has been 
difficult to obtain active cell~f:ree extracts and especially 
difficult to obtain cell-free extracts of bacteria showing 
P/0 ratios as large as those obtained with mammalian mito-
chondria. When considering heterogenous populations the 
problem is magnified in that if an active cell-free extract is 
obtained it probably will not be representative of the 
heterogenous populationso 
(2) One of the control mechanisms involved in protein 
synthesis is affected by sodium chlorideo In the biochemical 
analysis of a sludge acclimated to ~5,000 mg/1 sodium chloride, 
· : . l \'. ·. '· :.:~·.• ·: ·. · ': .. ·, · ;:" :· ,. ,.. · · · · · r, '" :. ,. · ,.:, i· .. · ·.'· 
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it was observed that the protein content of the sludge was 
approximately one-third and the RNA two and one-half times 
average accepted values. It has also been observed in these 
studies that the production of biological solids in the 
presence of high salt concentrations is greatly reduced. 
Ingram (36) suggested that the action of salt on bacterial 
cells is the usalting out"' of key enzymes. If his theory is 
correct then it is possible that. this key enzyme is one 
involved in protein synthesiso It is also possible that the 
action of the salt on the enyzme is something other than 
salting out. One of the objections to this theory is that it 
does not.explain the low carbohydrate and high lipid content 
of the sludge •. The resolution of this theory requires a full 
study of the control mechanisms involved in protein synthesis. 
CHAPTER VII 
SUI:v1MARY AND CONCLUSIONS 
The study has uncovered many unexpected effects of 
sodium chlorideo All of these effects could not be com-
pletely investigated within the scope of the present study 
and will be left for future worko However, the following 
conclusions can be made from the study reported hereino 
lo High concentrations of sodium chloride cause a 
decrease in the rate of substrate removalo This is true for 
both long term exposure and shock loading conditionso There 
is a noticeable decrease in substrate removal rate when 
sludges developed in fresh water are subjected to slug doses 
of 30,000 mg/1 sodium chloride; however, this does not appear 
to cause serious distress to the systemo Old sludges developed 
in fresh water undergo severe impairment of substrate :removal 
efficiency when subjected to slug doses of salt resulting in 
mixed liquor concentrations of 45,000 mg/1 and the efficiency 
of a young sludge is completely destroyed at 45,000 mg/lo 
2o Sludge developed in fresh water is less drastically 
affected by a slug dose of salt than is a sludge developed in 
high salt concentration by a rapid change to a fresh water 
environment. 
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3. The physiological condition of the cells, which is 
operationally defined as cell age, plays an important role in 
the response of the cells to shock loads of sodium chlorideo 
"Young cells'' are much more severely affected than uold cells 11 o 
4. The completely mixed continuous flow activated sludge 
system operating under steady-state conditions could in general 
respond satisfactorily to a sodium chloride shock loado The 
ability of the system to respond satisfactorily to a shock load 
is probably dependent upon the predominating species present 
in the system at the time of the shock, since two completely 
independent continuous flow units started from different 
samples of sewage seed responded differently under the same 
cultural conditionso 
5o Low sodium chloride concentrations stimulate the 
production of biological solidso This was observed in both 
batch and continuous flow studieso 
60 The ratio of respiration to synthesis can undergo a 
severe change when the sludge is subjected to long term exposure 
to high concentrations of sodium chlorideo Shock loading 
causes a much less severe changeo 
7o The point of maximum rate of oxygen utilization is 
delayed further along the aeration tank in a plug flow systemo 
This dislocation of oxygen uptake rate is of such significance 
that it must be considered when designing the aeration systemo 
80 When sludges which are acclimated to a high concen-
tration of salt are placed in a fresh water environment, the 
immediate response involves a release of cellular components 
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indicative of lysis. The osmotic shock causes a more severe 
disruption of system efficiency when the final salt concentra-
tion is below 10,000 mg/1. When sludges grown in salt concen-
trations between 5,000 and 10,000 mg/1 are placed in fresh 
water, the degree of lysis appears to be negligibleo 
9 ... Whencell_lysis occurred, the response of the system 
was characterized by diphasic growth,the first stage except in 
one experiment being due to glucose metabolism and the second 
stage being due to the metabolism of the released cellular 
constituents. A new enzyme system(s) had to be synthesized 
before the released components could be metabolizedo 
lOo Sludges grown in high salt concentrations were 
characterized by low carbohydrate and protein content, and 
abnormally high lipid and RNA contento 
llo A release of metabolic intermediates or end products 
was noted during glucose metabolism for sludges growing in 
high salt concentrationso This appeared to be more prevalent 
in the young sludge populationo 
120 When sludges acclimated to high salt concentrations 
are transferred, to fresh water under non-shock-loading condi-
tions, the biochemical :response to exogenous substrate under 
growth conditions is similar to the response obtained for the 
same sludge in the presence of high salt concent:rationo Photo-
micrographs revealed that a morphological change occurred in 
the biological population when subjected to high salt concen-
t:rationso These results are taken as in indication that the 
acclimation to high salts involves primarily a selection of 
species rather than a biochemical acclimation of prevailing 
species. 
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CHAPTER VI II 
SUGGESTIONS FOR FUTURE WORK 
IB view of the present study it is felt that the follow-
ing investigations would be of valueo 
lo The study should be extended to include other salts 
such as calcium chloride, magnesium chloride, and titanium or 
aluminum. chlorideo This would provide the effect of divalent 
and trivalent ions on activated sludge. Further work should 
also be conducted using salts other than chlorideso It would 
be well to study carbonates, bicarbonates, and sulfates. This 
would provide a much broader analysis of the effect of in-
organic wastes on the activated sludge method of sewage treat-
ment. 
2. It would also be well to study these different in-
organic compounds in combinations with each othero In most 
wastes several inorganic compounds will be present and it 
would be of benefit to know the antagonistic or synergistic 
interaction between these various salts. 
3. A more detailed study of the selection of species 
by salts should be conducted. This should involve the actual 
isolation and identification of organisms. It would also be 
desirable to determine if species can be selected which can 
withstand repeated large changes in salt concentration. 
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4o Before the true effect of salts on the bacterial cell 
can be determined, it must be established whether or not the 
salts penetrate the bacterial cell and to what degreeo To 
accomplish this, it is felt that radioactive tracer techniques. 
should be established that would leave no question regarding 
cell penetration. 
5o Studies should be conducted to establish whether or 
not salt causes an uncoupling of oxidative phosphorylationo 
This could be accomplished very easily if techniques could be 
developed for obtaining an active bacterial extracto 
6. The possibility of salt affecting any of the control 
mechanisms in protein synthesis should be studiedo 
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